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Abstract

We present the DECODE technique to determine from a
remote receiver whether a set oftransmitters are co-moving,
i.e., moving together in close proximity. Co-movement in­
fonnation can find use in applications ranging fronz in­
ventory tracking, to social network sensing, and to opti­
mizing mobile device localization. DECODE detects co­
moving transmitters by identifying correlations in commu­
nication signal strength due to shadow fading. Unlike lo­
calization systems, it can operate using measurements from
only a single receiver. It requires no changes in or coopera­
tion from the tracked devices other than sporadic transmis­
sion ofpackets. Using experiments from an office environ­
ment, we show that DECODE can achieve near perfect co­
movement detection at walking-speed mobility using corre­
lation coefficients computed over approximately 60-second
time intervals.

1 Introduction

Many location-aware applications benefit from higher­
level information about the movement of transmitters. One
instance of such higher-level information is co-movement,
which describes whether a set of transmitters are moving
together on a common path. While it is straightforward to
derive co-movement relationship from position coordinates
and trajectories generated by a localization system, suffi­
ciently accurate and precise data is not always available.
Global Positioning System (GPS) accuracy is frequently de­
graded in urban canyons [5] or not used in portable devices
due to its energy consumption. For indoor environments,
localization systems require the presence of multiple land­
marks or receivers, which adds infrastructure cost. Coarse
co-movement information can also be obtained from con­
nectivity through short-range radios [7]. This, however, re­
quires tracking software to be installed on all mobile de­
vices, it can not easily be inferred through infrastructure so­
lutions alone.
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Overview of Decode: In this paper, we study a co­
movement detection technique that operates solely on com­
munication signal strength traces, requires only a single re­
ceiver (or landmark), and does not rely on modifications
of the tracked devices (under the assumptions that the de­
vices will periodically transmit messages to communicate).
It exploits commonalities in the received signal power fad­
ing patterns observed from a set of co-located transmitters.
The wireless communications literature [17] distinguishes
shadow and multi-path fading effects that attenuate a signal
in addition to the path loss due to communication distance.
Shadow fading refers to obstacles in the environment that
attenuate the transmitted signal, when it travels through the
object. The magnitude of this effect depends on the mate­
rial and width of the object (e.g., about 10dB attenuation
was observed when an outside antenna was moved inside
of a vehicle [10]). Multi-path fading describes the effect
that objects in the environment reflect and scatter the trans­
mitted signal, so that the signal often arrives at the receiver
along multiple paths. The signal components constructively
or destructively interfere, leading to fast changes in received
signal strength. Also, if the position of the receiver changes
by merely one-half the wavelength of the communication
frequency used (59mm for ISM Band 2.4GHz [14]), it will
experience a very different multi-path fading channel, re­
sulting in signal strength changes that can exceed 20dB. As
transmitters or receivers move, the time varying attenuation
due to these effects will be unique for each path. Two re­
ceivers co-moving with a separation of less than one-half
wavelength, will experience nearly identical signal power
curves and thus can be distinguished from transmitter pairs
separated by larger distances. For high communication fre­
quencies in the unlicensed band, however, only few trans­
mitters will be sufficiently close to allow such straightfor­
ward detection.

Thus, this paper presents the DECODE technique, which
allows detection of co-moving transmitters through similar­
ities in the shadow fading component of the received sig­
nal. These similarities persist even if the separation between
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transmitters is larger than one-half the wavelength. DE­
CODE records, at one receiver, the signal power changes
over multiple frames emitted from each of several transmit­
ters. It then applies a three-step detection algorithm, which
begins with extracting periods of high signal variance from
each of the traces. It then filters out fast fading effects and
calculates correlation values over the resulting data for each
transmitter pair. High correlation indicates co-movement of
the transmitter pairs.

Uses of Co-Movement Information Many applications
can benefit from co-movement information. Some of the
important ones are:

Mapping Devices to Persons: Many location-aware ap­
plication such as Friend finders are tracking devices
as a proxy to infer the position of the device owner.
The proliferation of mobile devices and distinct radio
technologies on each mobile device make monitoring
this mapping of devices to their owners increasingly
cumbersome. For example, as a mobile device moves
from outdoors to building location it may be tracked
by a variety of different technologies, where each uses
a different identifier (usually the radio MAC address)
to identify the device. By monitoring co-movement
of different transmitters a localization system may be
able to infer which devices belong to the same owner,
or which addresses represent the same device.

Social Network Mining: Recent work [7] has sought to
infer social relationships from mobile device connec­
tivity patterns. Applications for such techniques in­
clude automatically determining access control poli­
cies and viral marketing. Current techniques moni­
tor Bluetooth advertisement messages to determine
when and how long devices from different owners
meet. This requires software on mobile devices. The
co-movement techniques could also extract this infor­
mation through external observations (from a commu­
nications base station).

Localization optimizations: Knowing that two mobile de­
vices move together helps collaborative positioning
mechanisms that provide lower energy consumption or
better accuracy. For example, one device could power
down its GPS receiver to conserve energy, while the
other device's receiver still provides accurate position
updates. In challenging environments for localization,
position estimates may also be improved through re­
dundancy.

The remainder of the paper is organized as follows: In
Section 2, we review related research and Section 3 presents
the DECODE technique. In Section 4, we discuss our ex­
perimental methodology and results. Concluding remarks
are given in Section 5.

2 Related Work

The previous work on detecting co-located and co­
moving objects have either been based on absolute location
of the transmitters obtained using localization indoors and
GPS outdoors or from proximity sensing using short range
infrared (IR) or Bluetooth devices. We know of no other
work that infers co-location or co-movement directly from
signal strength measurements. In this section we divide the
related work into 2 main categories.

Location based inference: There have been active
prior efforts in determining the locations of transmitters.
RADAR [1] which works for 802.11 uses RF Fingerprint
information observed at three receivers and performs a near­
est neighbor matching algorithm to determine the location
of the transmitters with a three meters median accuracy.
[8] uses Bayesian learning algorithm on RF fingerprints ob­
served at three or more receivers to obtain a median 802.11
localization accuracy of 3-4 meters. The most accurate
802.11 location system to date is [12] which uses Hidden
Markov Model and Bayesian inference derived from obser­
vations at nine different receivers yielding a median accu­
racy of one meter. Further, the average localization accu­
racy employing RSS in a 802.15.4 (Zigbee) network [4] and
an active RFID system [3] is about the same with median er­
rors around 3-4m when using four receivers. All of these lo­
calization approaches need three or more receivers to work
in concert to perform co-location detection . Whereas our
scheme only needs to work with one receiver.

Proximity Based inference: Proximity based co­
location inference techniques mainly consist of using short
range IR or Bluetooth devices to estimate distance between
the transmitters. Reality Mining project [7] [6] used Blue­
tooth capable GSM phones to record the other nearby blue­
tooth devices and transmit them to the central server for in­
ferring social interaction patterns. SpotOn system [9] used
radio signal attenuation to estimate the relative distance
between the special tags. Though these techniques look
attractive for co-location detection, they requires tracking
software on the devices themselves and are effective only
for detecting devices that have the same technology. Our
scheme is more generic as it involves measurement of RSSI
which is common to GSM, WLAN, Zigbee, Bluetooth.

3 DECODE SYSTEM DESIGN

The environment in which wireless communication takes
place affects the received signal power (i.e., Signal-to-Noise
ratio). The key idea underlying the DECODE technique is
exploiting shadow fading, signal attenuation due to objects
blocking the path of communication. Two transmitters in
close proximity will be similarly affected by surrounding
buildings, furniture, or passing people. Therefore, the ob-
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