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ABSTRACT

Pocket Switched Networks (PSN) make use of opportunistic
encounters between mobile devices to disseminate content.
Most of the prior measurement research on PSN has con-
centrated on understanding human mobility and its impact
on forwarding algorithms for PSN. In this study we go be-
yond simple contact measurements and implement a soft-
ware to measure the real-life performance of opportunistic
networking using a smartphone platform and Bluetooth. We
perform three user trials with 22 to 29 participants in net-
working conferences. We report on our experimental PSN
software, characteristics of opportunistic contacts, commu-
nications performance, and discuss the potential capacity of
PSN.

Categories and Subject Descriptors

C.4 [Performance of Systems]: measurement techniques
; C.2.1 [Computer-Communication Networks]: Net-
work Architecture and Desig n—store and forward networks

General Terms

Measurement, Experimentation

Keywords

Opportunistic communications, Bluetooth

1. INTRODUCTION

Pocket Switched Networks (PSN) [11] is a communication
paradigm that exploits contact opportunities between mo-
bile devices and human mobility to transfer data in a peer-
to-peer fashion. PSN is an attractive communication model
when infrastructure connectivity is intermittent, when its
usage could be undesirable because of price or privacy issues,
or when one wants simply exchange data with people lo-
cated in the neighborhood. Opportunistic communications
have gained interest recently due to the increasing number of
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mobile devices people carry today; and their power in terms
of CPU, storage space and available networking interfaces.

Prior work on PSNs has focused on understanding the
impact of human mobility on the performance of forward-
ing algorithms [3]. Human mobility has been studied using
WiF1i enabled laptops and computers [5], cell phones [4] and
iMotes [6] (a small Bluetooth sensor running on an ARM
processor with very limited battery and memory). Most
data sets are available on Crawdad®.

While the existing studies have improved our understand-
ing of some of the fundamental limits and possibilities of
PSN, we believe that implementing and deploying real PSN
systems is equally important to understand user behaviour,
potential applications, configuration parameters and to col-
lect richer traces to drive future research. Only few systems
and applications relying on opportunistic contacts between
mobile devices have been deployed and analyzed to date [8,
7). The main reason is that experimenting with real PSNs
introduces several challenges: (1) to motivate people to par-
ticipate in the experiments, and to generate some real ap-
plication traffic, we need compelling and easy to use appli-
cations and incentive mechanisms; (2) for experimentation
we need to find suitable events that would be realistic in
terms of human mobility and social interaction; (3) network
delays, disconnections and heterogeneous interfaces typical
for a PSN require a non-traditional approach to the commu-
nications system design; and (4) the actual implementation
requires a lot of effort depending on the chosen mobile device
platform(s) and development framework.

In this work, we present our approach to experimenting
with opportunistic communications. The main goal of our
work is to extend the previous iMote experiments to col-
lect data on contact opportunities and ad hoc data com-
munications between mobile devices using Bluetooth radio
interface. We design and implement a measurement soft-
ware for Windows Mobile platform. We discuss the setup
and results of three real-life user trials we have performed
in conference environments. The results highlight some lim-
itations of Bluetooth technology for opportunistic network-
ing including low device discovery rate and failures to setup
connections. However, we obtain also encouraging results
on the potential capacity offered by PSNs. We will continue
the development and optimization of our PSN framework
based on the experiments and we hope our experiences are
also helpful for others planning to design and deploy similar
systems.

"http://crawdad.cs.dartmouth.edu/



2. TESTBED PLATFORM
2.1 Mobile Device

We conduct our experiments using HTC s620 Windows
Mobile Smartphones?. This device has a 200MHz TI pro-
cessor, 64MB of RAM, 128MB of ROM and a MicroSD slot.
The radio interfaces include a quad-band GSM/EDGE cel-
lular radio, Bluetooth v1.2 and 802.11b/g.

2.2 Measurement Software

Windows Mobile offers full access to the low-level network-
ing functions through the Win32 API using standard C++
which we use to implement our experimental PSN software.
The software executes a simple periodic loop consisting of
three phases: (1) neighboring devices discovery using avail-
able (wireless) networking interfaces (DISCOVERY), (2) device
identification and ad hoc connection setup (IDENTIFICATION)
and (3) data exchange (TRANSFER). The neighborhood dis-
covery is performed in the beginning each loop whereas the
connection setup and data exchange configuration varies be-
tween the experiments (see next section). The software
records all the discovered devices, connection setup and data
transmission details on a log file on the device memory. The
software runs in the background and is restarted automati-
cally upon reboot.

The Bluetooth neighborhood discovery is implemented us-
ing the Bluetooth device inquiry function. The Win32 APIs
allow us to configure the inquiry duration (the recommended
duration by the Bluetooth standard is 10.24s which is used
in our experiments [2]), the maximum number of devices
to discover per inquiry, and to enable or disable the device
friendly name query in the inquiry phase.

The Win32 API has a method to query the WiFi net-
works (both infrastructure and ad hoc) known to the oper-
ating system. By default Windows Mobile uses both active
and passive network discovery and does not allow manual
configuration of the discovery process. The actual neigh-
boring device discovery over WiFi requires the devices to
be associated with a same infrastructure or ad hoc network
simultaneously. Once in a same IP subnet the devices can
use UDP broadcast packets to inform of their presence and
to communicate basic device identification information.

2.3 Micro Benchmarks

We perform a set of micro benchmarks in a laboratory
environment to characterize WiFi and Bluetooth interfaces
for ad hoc communication.

Figure 1 plots the available battery life (percentage) as
the device performs a neighborhood discovery periodically
every 120 seconds until the battery drains out. Bluetooth
discovery is configured to last 10.24 seconds and the inter-
face is powered on during the whole benchmark. The WiFi
discovery in the benchmark consists only of the discovery
of available SSIDs. For this we turn on the WiFi interface
for 5 seconds during each discovery period. When both in-
terfaces are enabled, the device’s battery lasts for over 60
hours; with WiFi only we reach a life-time of 100 hours;
and with Bluetooth only over 120 hours®. The comparison
favours WiFi as the interface is not powered between the

Zwww.htc.com/product /03-product_s620.htm

3For comparison, the standby time reported by the manu-
facturer is up to 220 hours (9 days) and talk time up to 5
hours.
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Figure 1: HTC s620 device battery life-time during
continuous periodic opportunistic contact discovery.

discoveries and because we do not perform the actual de-
vice discovery (this would require the interface to be on to
listen to the broadcast beacons). When enabling the WiFi
interface continuously for device discovery and data trans-
missions the device’s battery live drops below 2 hours. With
Bluetooth we still get over 10-hour life-time.

From Figure 1 we can also observe that the reported bat-
tery life-time does not decrease linearly. Instead, we notice
that the draining rate accelerates after 60% mark, and again
at 20% after which the battery runs out of energy in less than
an hour. This is most likely a Windows Mobile API specific
behaviour, but nevertheless should be taken into account
when designing power saving policies for these devices.

WiFi outperforms Bluetooth in terms of discovery time
and data transmission speeds. Bluetooth device discovery
takes the previously mentioned 10.24s (can be configured to
be shorter, but leads to missed contacts). The Bluetooth ser-
vice discovery and the RFCOMM connection setup for data
communications add several seconds of delay per device in
the neighborhood. In comparison, associating with a WiFi
network takes on average 4 seconds (using Windows Mobile
connection manager), and sending and receiving broadcast
beacons over WiFi for device discovery is almost instanta-
neous. We measure an average data transmission rate of
50KB/s for Bluetooth, and between 100KB/s and 500KB/s
for WiFi when sending continuous bulk data stream between
devices. Finally, WiFi and Bluetooth interfaces have also a
very different communications range: the 802.11 radio range
varies from about 35 to 140 meters (indoors and outdoors
respectively). The Bluetooth range (class 2 devices) is 10 or
some meters more depending on the hardware.

We are constrained to use Bluetooth in our user trials
because we cannot require people to carry test devices that
need to be charged every few hours. We consider the range
and the effective bandwidth of Bluetooth to be sufficient for
the initial experimental settings.

3. EXPERIMENTAL SETUP

We choose conference environment for the convenience
of distributing and retrieving the mobile devices running
our software, and for comparability between different ex-



MASS’07 CoNEXT’07 CoNEXT’08
Duration 3.5 days 3.5 days 3.5 days
Participants 29 28 22
Bluetooth device discovery 10.24s every 120s | 10.24s every 120s | 10.24s every 120 +/- 45s
Bluetooth service discovery - - yes
Average active time per device 66.28h 56.91h 56.70h
Average inactive time per device 17.94h (27.07%) | 30.72h (49.80%) | 22.19h (30.07%)
No. of devices per inquiry (;/median/c) 3.69/2.00/4.63 2.91/1.00/3.61 3.37/1.00/4.33
8am - 6pm 5.56/4.00/5.17 | 4.78/4.00/3.96 | 5.24/4.00/4.99
No. of internal devices per inquiry (u/median/o) | 1.77/1.00/2.63 1.87/0.00/2.75 1.64/1.00/2.19
8am - 6pm 2.71/1.00/3.09 3.31/3.00/3.11 2.42/2.00/2.38
No. of contacts per inquiry (1/median/o) 4.63/2.00/5.66 3.98/2.00/4.72 4.26/2.00/5.20
8am - 6pm 7.05/5.00/6.20 6.60/6.00/4.98 6.67/6.00/5.83

No. of internal contacts per inquiry (u/median/c) | 2.27/1.00/3.25
8am - 6pm 3.53/2.00/3.77

2.63/0.00/3.67
4.70/4.00/4.01

2.16/1.00/2.71
3.24/3.00/2.89

Table 1: The user trials configuration and aggregate statistics. Internal refers to the devices participating to

the experiment. ;i denotes the sample mean and ¢ the sample standard deviation.

periments and previous work. The movement of conference
members is also geographically constrained which creates
contact opportunities we aim to exploit and measure.

We distribute the devices to volunteers during the first day
of the conference and collect them back with the log files on
the last day of the conference. The experimentalists can use
the device as their personal device (i.e., they can choose to
put their SIM card in the device) during the experiment but
this is not required. The experimentalists are instructed to
keep the device charged and with them at all times. Below
we discuss the configuration of each experiment in detail.

MASS’07: We perform a periodic Bluetooth device dis-
covery every two minutes for 10.24s. The device tries to
form Bluetooth RFCOMM connections to discovered partic-
ipating devices and send data until the next inquiry period.
The list of participating devices is hard-coded in the soft-
ware (meaning we exclude the IDENTIFICATION phase). In
the TRANSFER phase, we perform two types of data transfers:
sending 50KB chunk of data to each neighboring experimen-
tal device (fragment test), or sending 1MB to a single neigh-
boring device selected at random (bulk test). The fragment
test connects to each neighbor one after another.

CoNEXT’07: The neighborhood discovery is performed
using the same parameters as in the MASS’07 experiment.
In contrast, we do not hard-code the experimental devices
MAC addresses in the software. Instead, in the IDENTIFICA-
TION phase the software tries to connect to all devices found
by the device inquiry one after another to identify devices
participating to the experiment. For this each device is lis-
tening on incoming connections on a well-known RFCOMM
channel. Upon successful connection, the device exchange
simple handshake messages containing further identification
details and the number of available data messages. The iden-
tification is followed by the TRANSFER phase where the de-
vices exchange available data messages. The data messages
are generated by a background thread that inserts 50KB
synthetic data messages every 10 minutes to the device’s
message buffer. The data exchange phase is executed se-
quentially with all the devices in the neighborhood. This ef-
fectively limits the number of simultaneous RFCOMM links
to one outgoing connection per device. The data messages
are destined either to a single device or a group of devices
and they are flooded in the PSN over multiple hops. This

configuration means that on each contact we may send a
variable amount of messages to the discovered devices de-
pending on how many messages the sender is holding in his
buffer. The message life-time is controlled using an absolute
time-to-live (T'TL) of one hour. When the TTL expires, the
messages are removed from the devices buffers.

CoNEXT’08: The third experiment makes several mod-
ifications to the Bluetooth communications implementation:
(1) Bluetooth device inquiries are randomized and performed
every 120 s +/- 45 s (chosen uniformly at random); (2) we
use Bluetooth service discovery to identify devices running
our software prior to a connection setup; (3) we keep a small
cache of two scan periods of discovered devices to be more
resistant to device inquiry failures; (4) we increase the maxi-
mum number of simultaneous RFCOMM links to three; and
(5) when sending data over RFCOMM, we repeat each con-
nection attempt three times in case of failure before aban-
doning the operation. We also send test traffic as in the
previous experiment. The test messages are generated ev-
ery 60 minutes with variable content: empty (includes just
a simple header); 58B (text file); 63,847B (pdf); 589,723B
(jpg image); 1,023,380B (binary file) and 7,327,436B (mp3).
The TTL of the test messages is set to 24 hours.

4. RESULTS AND ANALYSIS

The experiments configuration and general statistics are
summarized in Table 1. The active time per device is defined
as the average time between the first and the last recorded
activity on an experimental device. The active time is be-
tween 56 and 66 hours which is shorter than the full du-
ration of the experiments. The difference is mainly due to
the variations in arrival and departure times of the partici-
pants. The inactive time is the percentage of time that the
device is not collecting data during the experiment. The
inactive time is high in all the experiments mainly due to
battery depletion and some software crashes. As most of the
participants do not put their SIM cards on the device, the
motivation to keep the device up and running remains lower
than with real personal devices. The experimental software
also adds considerably to the energy consumption due to fre-
quent Bluetooth operations and SD card I/0. The devices
run approximately 8 - 10 hours on each recharge while run-
ning the measurement software in the experimental settings.
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Figure 2: Cumulative average number of contacts per participant at MASS’07 (left), CONEXT’07 (middle)

and CoNEXT’08 (right).

4.1 Contact Characteristics

We start the analysis by inspecting the opportunistic con-
tacts discovered during the DISCOVERY phase. In Table 1 we
show the aggregate statistics for the device inquiry consid-
ering the the whole data set and conference hours (8am to
6pm) when most of the encounters take place. The num-
ber of discovered devices per inquiry is 5 on average in each
experiment during the conference hours; among which 2 -
3 are devices participating to the experiment (referred as
internal in the rest of the paper). Communication oppor-
tunities arise regularly in each experiment, and over 50% of
the time (median), the devices have more than one potential
contact in their neighborhood.

For the rest of the analysis, we define a contact as a time
interval between the first time a neighboring device answers
to the Bluetooth device inquiry until it is no more present
during two consecutive inquiries. This definition complies
with previous works [6, 9] providing some robustness to the
problem of missed Bluetooth devices due to probabilistic na-
ture of the inquiry mechanism, simultaneous inquiries and
interference between various Bluetooth operations [1]. With
this definition, we obtain a more realistic representation of
the neighborhood. The average size of the neighborhood
increases compared to the set of devices that answer the
inquiry during a single round: at MASS’07 there are po-
tentially 3.53 internal devices in the neighborhood, at Co-
NEXT’07 4.70 and at CoONEXT’08 3.24.

We plot the cumulative average number of contact oppor-
tunities between any discovered device and the experimental
devices only (labeled internal) in Figure 2. We observe that
the contact trends are very similar in all of the experiments.
The number of internal contacts is on average approximately
200 per day for participating devices. At CONEXT 07 we ex-
perience some software problems during the first day which
shows up as a slow growth in the beginning of the experi-
ment. The figure also clearly shows how most of the contacts
take place during the conference hours while at night time
the growth rate is flat in all the experiments according to
the diurnal human behaviour.

Finally, we plot the distribution of contact times (Fig-
ure 3). We only include the contacts between participating
devices during conference hours as the contacts between any
device follow similar distributions in each experiment. The
median contact time is 334s at MASS’07 and 129s in the
other experiments. Figure 4 summarizes the contact oppor-
tunities evolution. It shows the average cumulative total

contact time between participating device over the experi-
ment. During the conference hours, each device is in contact
with other participating devices on average for 13.6 hours at
MASS’07, 10.6 hours at CoNEXT’07 and 13.3 hours at Co-
NEXT’08. The actual capacity of a PSN is is defined by
the contact frequency and durations, which we will discuss
further in the last section.

4.2 Communications Performance

After the DISCOVERY phase, the measurement software
proceeds to the IDENTIFICATION and TRANSFER phases where
it performs the ad hoc communications link setup and actual
data transmission. At CONEXT’08 we rely on the Bluetooth
service discovery to identify the devices running the software
before a connection attempt. The number of devices discov-
ered by the service search should follow that of the number
of experimental devices in the neighborhood. However, fig-
ure 2 shows that our software correctly identifies only 56.4%
of the internal contacts using the service discovery. The
service discovery fails mainly for two reasons: (1) it adds a
delay to the discovery for each device as the service search is
performed sequentially (taking 46.9ms on average when suc-
cessful and 223.2ms otherwise) and thus devices can move
out of range; and (2) it is vulnerable to interference as other
Bluetooth operations. These results suggest to disable the
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Figure 3: Conference hour contact time distribution
between participating devices.
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service search in PSN settings. Instead, we could include
the service information in the Bluetooth minor device class
code which is readily available through the Bluetooth device
discovery and is currently unused.

Figure 2 indicates the number of contacts during which
the software actually manages to establish a RFCOMM link
at CoNEXT’07 and CoNEXT’08 (labeled connected). The
number of connected devices should be identical to the num-
ber of internal contacts as in both CoONEXT experiments the
test software tries to connect to each device in the neigh-
borhood for identification and data exchange. However, at
CoNEXT’07 we manage to successfully connect to the dis-
covered devices in only 12.5% of the contacts. Note in the
figure that during the first day we have almost no successful
connections which is due to the previously mentioned prob-
lem with the software. If we ignore the first day, we obtain
a connection success rate of 15.4%. At CoNEXT’08 the re-
spective success rate is lower, 13.8%, despite increased num-
ber of connection attempts (3 against 1). In the MASS’07
experiment we did not systematically open a connection dur-
ing every contact but we varied the data exchange between
bulk and the fragment tests. The success rate of the frag-
ment test is 44% and for the bulk test 57%. The delay
to setup a RFCOMM link is on average 3.36 seconds (Co-
NEXT’08). However, the common connection failures add
additional highly variable delays to the system: our data
shows an average delay of 13.6 seconds (standard deviation
of 13.9 seconds) for a failing connection attempt.

In conclusion, we observe that the performance of Blue-
tooth decreases when the number of Bluetooth operations
we try to perform increases. At MASS’07 we only execute
a periodic device inquiry after which the internal devices
are identified using a hard-coded list, and consequently, we
only try to connect to the participating devices for the data
transmission test achieving the best connection success rate
among the experiments. In contrast, at CoNEXT’07 we
try to connect to any discovered device, which adds noise
and wasted connection attempts (to external devices). At
CoNEXT’08 we try to avoid this problem with the service
discovery but we do not achieve any performance gain com-
pared to CoNEXT’07 due to additional interference and de-
lays; and consequently failing service searches.

4.3 Network Capacity

In this section we discuss the “potential” capacity of a
PSN. We define the potential capacity as the average amount

of data a single device could send to the other participating
devices in its neighborhood during a day. The capacity is
characterised by the available bandwidth and the frequency
and duration of the opportunistic contacts. Considering
the data transmission rates we measure in our experiments,
23.71 KB/s on average at MASS’07 and 6.15 KB/s at Co-
NEXT’08 (for CoONEXT’07 we do not have the complete
data for this metric), we obtain a simple quantitative mea-
sure of the capacity: the average potential capacity is 1.1GB
at MASS’07 and at the CONEXT’08 experiment 288 MB of
data per device per day. Even with the lower rate, the sys-
tem can provide a useful service relying only on opportunis-
tic contacts. The higher data rates observed at MASS’07 re-
sult partly from the lower number of potential simultaneous
transfers (one in contrast to three) and reduced interference.

However, the current prototype system is still far from
fully exploiting the potential capacity of the network. At
MASS’07, each device sends on average 252.8MB (6.4% of
the potential capacity) over the course of the experiment (3.5
days) and at CoNEXT’08 the respective amount is 51.6MB
(5.1% of the potential). In order to increase the capacity
of such a PSN, we can either improve the device discovery
and connection setup performance (DISCOVERY and IDEN-
TIFICATION phases) or increase the bandwidth available in
the TRANSFER phase. We identify several potential improve-
ments. First, the contacts used above to calculate the ca-
pacity are only estimates of the actual number and duration
of contacts. The Bluetooth device inquiry does not find all
the devices in the neighborhood during each inquiry, and the
service discovery, if used, lowers the success rate even more.
As suggested above, we could avoid the service discovery by
using the Bluetooth device code instead. Keeping a contact
cache (following our definition of contact) can also provide
the system with a more realistic view of the neighborhood.
Second, the current prototype performs inquiries relatively
often. In the future versions we plan to analyse further the
impact of performing the inquiries less often or adapting the
inquiry period to the environment and time of day. Third,
the performance could be improved also by exchanging the
current neighbor lists between devices as they encounter.
However, this needs also more experiments as the success
of the connections is not guaranteed either. Note that the
methods proposed above can also indirectly improve the con-
nection success rates as the Bluetooth interference decreases
when we execute fewer operations simultaneously. Indeed,
maximizing the capacity requires that the system finds a per-



fect balance between the neighborhood discovery frequency
and the actual communications phase.

The bandwidth depends on the quality of the radio link
and the number of other simultaneous connections. In Blue-
tooth, the devices share the bandwidth equally, and by limit-
ing the number of simultaneous connections, we can increase
the capacity. While WiFi interface is already available on
the devices, the main constraint is the high energy consump-
tion. An interesting idea to overcome this problem is to use
hierarchies of multiple radio interfaces [10]. Applied to our
system, we could use Bluetooth for the discovery and initial
negotiation phases, and switch on WiFi for the actual data
transmission if both sides agree.

While actual PSN forwarding algorithms are out of the
scope of this work, the limited communications time and
bandwidth in opportunistic networking setting also require
an efficient messaging protocol that does not waste resources
on unnecessary exchanges. The current prototype used basic
text based exchanges for identification and controlling the
message forwarding. A generic opportunistic messaging pro-
tocol should communicate the current status of the message
buffer, other resource limitations such as battery state and
available interfaces, and information needed by the forward-
ing algorithms upon encountering other devices. In order to
use minimize the resource usage, it might be useful to cache
this information, or some parts of it, on the devices over
multiple contacts.

S. CONCLUSION AND FUTURE WORK

In this paper we have taken an experimental approach to
understand the potential capacity and feasibility of Pocket
Switched Networks using a common smartphone platform
and Bluetooth radio technology. We have designed a mea-
surement software and used it in three conference experi-
ments with 22-29 users. Using the collected data, we have
characterized the opportunistic contacts, the actual com-
munications performance and given an idea of the potential
capacity of PSN.

Bluetooth technology has several advantages for oppor-
tunistic communications such as low power requirement, short
radio range and wide availability. However, as a cable re-
placement technology, Bluetooth was not designed for ap-
plications relying on opportunistic ad hoc contacts. We dis-
cussed several ideas to overcome the limitations of Bluetooth
to increase the available and used network capacity includ-
ing use of Bluetooth class of device to communicate the basic
service availability, contact caching, less frequent or adap-
tive neighborhood discovery, and radio hierarchies. In the
future, other radio technologies, such as WiFi, could be used
instead.

In addition to the communications system design consid-
erations, our work raises a more general question related
to the design and implementation of opportunistic commu-
nications protocols. While the contact opportunities arise
regularly in the type of environment we have studied, they
are often simultaneous, short and limited by the available
bandwidth and other resources on the mobile device such as
battery and storage. An efficient opportunistic communi-
cations protocol should aim to maximize the available time
for data transmissions, and consequently, the usage of the
potential capacity of PSN.

We continue the development of our experimental software
to explore the system and protocol design issues discussed

in this paper. We will study more in detail the key param-
eters using laboratory benchmarks and we plan to execute
a large scale experiment (100+ participants). We will make
all the data sets available on Crawdad to promote further
experimentation with PSN.
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