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Abstract—Target tracking is a main application of wireless speed etc, which is the first WSN testbed that can achieve this
sensor networks (WSNs), and has been studied widely [4], [1On  For example, our experimental results show that the average
this work, we study indoor passive tracking problem using W3\s, error of measured height of persons is arogoh.

in which we assume no equipment is carried by the target and th . . . .
tracking procedure is passive. We propose to use light to tiek a The rest of_the paper is organlzgd as follows. We first review
moving target in WSNs. To our best knowledge, this is the first related work in Section Il. We define the problem and propose
work which tracks a moving object by using light sensors and our main idea with a probabilistic approach in Section Ille W
general light sources. We design a novel probabilistic pratcol conduct extensive experiments and present the experimenta

(system) iLight to track a moving target and several efficient o ts Section IV. We conclude our work in this paper in
methods to compute the target's moving patterns (like heigh Section VI

moving speed etc.) at the same time. We implement and evalwat
our tracking system iLight in a testbed consisting of40 sensor . R W
nodes, 10 general light sources and one base station. Through - RELATED WORK

extensive experiments, we show thatlLight can track a moving One direction of tracking problem using WSNs is called
target efficiently and accurately. passive (Device-free) tracking problem (DfP) which wast firs
defined by Yousseét al., in [17]. They studied the feasibility
of DfP and further discussed several research challenges

With respect to the tracking problems, there are two maiegarding to the localization algorithms and infrastruetu
directions. One directione(@., [1], [2]) assumes that a targetsupport. Tsengt al., [15] studied the target tracking problem
being tracked carries some assistant advicegs), (wireless by using a mobile agent (a wireless sensor node) which can
sensor nodes, RFID, PDAS) such that the target can be ea#iljow the target by hopping from sensor to sensor. Some
detected by other anchor sensor nodes. This is called devisinilar work was dong by Kungt al., in [11]. However, the
based tracking. In contrast, the other direction assunadtie work in [11], [15] assume every sensor node has a sensing
target being tracked is device-freieg., the target carries no range and can detect the existence of a target accurately as
any assistant device and the tracking procedure is corsider long as the target falls into this sensor node, which is not
be “passive”. In this paper, we study the passive (deviee)fr realistic. Later, Zhangt al. [18], [19] and Yaoet al., [16]
tracking problem using WSNs. We propose to detect and tragfoposed to use RF-based method to track transceiver-free
a target at an indoor environment using a group of light senseargets. Their main idea is to detect targets based on Small-
with general light sources. Considering a security moinigpr Scale Fading effect (SSF). Later, Mousaaal., [13] studied
scenario in some placeg., a museum, clearly, it is impossiblethe performance of two DfP techniques, moving average (MA)
to equip some device for an intruder. and moving variance (MV) in a real environment. He

Our main contributions are as follows. Firstly, to the besl., studied and designed VigilNet [10], a large-scale sensor
of our knowledge, this is the first work to use light sensonmsetwork system consisting @00 XSM motes which tracks,
and general light sources to track a device-free target: Seletects and classifies targets. Their main work conceudtrate
ondly, we propose a probabilistic tracking method to tradkn studying the tradeoff between the real-time performance
a single target efficiently and accurately. Thirdly, we dasi and the energy consumption, and assumed that each wireless
several algorithms to compute the height and moving spesehsor can detect the existence of target with high prababil
of a moving target with a surprisingly good accuracy andhen the target falls into the sensing range of the wireless
efficiency. Fourthly, we design and implement our devieefr node. In [5], Dutteet al. concentrated on the hardware design
tracking systeniLight using a WSN, consisting a0 wireless to save energy consumption, hence prolonged the life time
sensor nodesl0 general light sources and one base statiaf large scale wireless networks. The main idea of work in
(laptop with a wireless sensor node acting as a sink nodf] by He et al., is to let wireless sensor nodes alternatively
We conduct extensive experiments by testing our trackimgprk and let several sensors work together to exclude false
algorithms oriLight. The experimental results show thiaight alarm such that the energy consumption is decreasedeDas
is not only able to compute the moving trajectory of a singla., [8] studied the problem to track moving objects using a
target efficiently and accurately, but able to study the mgvi smart sensor network. Their work was mainly based on two
pattern (properties) of a moving target, like height, mgvinassumptions. One is that a sensor node is able to detect the

I. INTRODUCTION



existence of any moving object as long as the object falls in
its sensing range and the reading of the sensor exceeds some., § w b,
threshold value. The other assumption is that the sensor has
already learned the sensor reading to distance mapping.

Ill. PROBLEM FORMULATION, SYSTEM ARCHITECTURE,
AND OUR APPROACHES

A. Problem Formulation

Given an indoor area, we want to track a device-free moving!._ ‘ ;
target inside this area using wireless sensor nodes. Wdsare a ‘ b
interested in obtaining a number of attributes of a moving (@) (0)

target, such as the moving speeds, the moving traJeCtonEiB’ 1. (@) Black nodes denote two group of sensors and two red

the height of the target (typically a human being). Here, Weydes ¢ and b) are two light sources. The height of the person
assume that each wireless node is equipped with 1) one lighti the altitude of light sources are and h; respectively. The
sensor: which can sense the level of light around it, and 2)distance between the person and the right side wall #e distance
least one transceiver: which can communicate with neightgftween each two adjacent sensor nodes in the same graugds
nodes such that al! wireless nodes constructa cpnnected w Q‘:\ﬁ sggic::rg Sl(ei (ﬁrg?lrl)r;agf Cr?]‘;ig';(tgh (;)dﬁlr;: etrgfscgr%;jza;,i‘;"c’f
We assume that wireless sensors will be placed in a 3D dom@ifl, v,y (X, Ye) and (Xp, Yp) respectively.

and the geometric positions of sensor nodes can be obtained

easily when we deploy light sources and wireless sensorsmode

For simplicity, from now on we call the sampled light Ievek

of a wireless node as photo value of this sensor node.

he target more accurately by finding the intersection oint
of those lines. We call such an intersection point where the
B. Finding Effective Detection Method tracking system can locate a target accurately as a “cajchin
Through experiments, we found that a light sensor is ve "?t_‘ In other WOI_’dS, the system is able to compute the
psition of a (moving) target when the target exists at a

sensitive to the change of the light level of the environmef; hi - def he hi it of
around it. For example, the reading of the light sensor igatching point’. We define the “catching point” of a target

around50 when the only light source of the light sensor i€ @S (Zo: Yo, t) Where(z,, y,) is the position (in2-dimension

a generallOw lamp which is5 meters away. We further let afrom a vertlcal_wew) of tafge_" at time¢. Actually, we will
person go across between the light source and the lamp, §H8W that beS|d_es the position of the target, we can further
found that the reading of the light sensor drops to (around) Co”PF_’“te the_ height of the target by carefully arranging the
obviously. One thing needs to be mentioned that the EugiiddgPstions of light sensors and light sources.

distance between the general light source and the lighbsens Our main idea is as follows. We first divide sensor nodes
should be not too large depending on the illumination iritgns iNto groups and consider each group as a cluster and the
of the light source. For example, when the Euclidean digtan@ireless sensor nodes inside a group will act as different
between the lamp (withOw used in our experiment) and aroles (in order to do data collection and time synchroniati
light sensor is more that2 meters, the light sensor cannot telftc., which will be illustrated later). Next, we put two gpsu
exactly whether there is an obstacle between it and the ligHt sensors (face to face) on both sides of monitored area
source due to the light attenuation and hardware constraif€spectively. Here, a group of sensors will be hanged in a
Obviously, using special types of light sources (e.g. Kike) vertical line at one side of the monitored area. In additige,

can increase the valid distance of light beam and elimind@gt one light source at each side such that the light source ca
this kind of problem while increasing the cost as well. Oufradiate the group of sensors at the other side of the mitito

objective is to using general light sources to do trackin?ea-_See Fig. 1(a) for illustration. For simplicity, we @se
without much cost. the distance between two adjacent sensor nodes in the same

group is same. Actually, our result will not be affected when

C. Computing Position and Height of the Target the distance between any two adjacent sensor nodes in the

In order to distinguish some target from others, we usualfame group is different.
need to obtain some special characters of it, like heightsand In the case shown in Fig. 1(a), a group of sensors
on. In this section, we will show how we compute the positiofi4;, Az, --- , Ag} are deployed on the left side and a group
and height of a target. of sensors{ By, Bs,--- , Bg} are deployed on the right side.

As we know, when a target stays or goes across the lihe addition, two general light sources which can irradiate
between a light source and a sensor, the photo value of the group of sensors at the other side are deployed on each
sensor node will be affected such that we know the targeft two sides ¢ and b respectively). For simplicity, we use
will be somewhere along this line. Clearly, if we could findhe name of a wireless sensor node (resp. a light source)
multiple such lines (going through some sensor node and sotoedenote its position as well. When a person with height
light source) at the same time, we may find the position &f at positionp comes across between these two groups of



sensors, the photo values of sensors below poifrtesp.d) the worst case. Unfortunately, our method cannot avoid such
will decrease extremely and the photo valuedaf A5, By, Bo  quadrilateral as long ag is not equal to0. Fortunately, we
will remain almost same. Clearly, if we can find the positionan decrease the area of such quadrilateral significantly by
of the solid line segmentsa{ and bc) accurately, we will decreasing the distance between the light source and each of
be able to compute the position and the height of the tardes two adjacent sensor nodes (higher and lower than thé ligh
(person) accurately. Unfortunately, it is not always plolesi source respectively). Our experimental results show that t
to find the accurate position of this two solid lines in a reglosition error in iLight is bounded iy when we put the
application scenario since the sensors are deployed thscrelight source into the middle of two adjacent sensor nodes (in
on both sides. By analyzing the photo values of sensor nodésg same group)with Euclidean distarizticm.
we only know that pointc(resp. d) exists on the segment
AgAs (resp. B2 Bs) in the case shown in Fig. 1(a). Based:
on above analysis, we can make sure that the top point of theAs we have introduced in last section, besides all the
person will approximately exist in the quadrilateral whish catching points, the monitored area may have some blind
the intersection (shown in the Fig. 1(a)) of four line segteen area within which the system can not catch the moving target
aBs,aB3,bAs,bA3. Notice here, if the target is not a personsince there are no any or (not enough) sensor nodes deployed.
this may be not true. Obviously, the amount of potential catching points depends
Let us consider a more general case, in which we assuore not only the total number of wireless sensor nodes we
there are enough number of sensors in each group such tiegployed but also the positions of wireless sensor nodes and
any target cannot influence all wireless sensors of bottssidight sources. Although increasing the total number of leise
Next, we draw a line from each sensor to its light sourceensor nodes and light sources can decrease the blind area to
clearly, the section will be partitioned into small quadt@irals. some extent, this increases the total cost as well. Actuatly
See Fig. 1(b) for illustration. In the example shown in Figwill show that by choosing different type of light sourcesileh
1(b), there are some triangles which includes the light saur keeping the total number of sensor nodes, we can increase the
This is due to the position of the light source and will nopotential catch points extremely without increasing muast.c
influence our results. Through experiments, we found that the TSR087 — 01
Let us consider the quadrilateral (with verticasB, C, D) light sensor is very sensitive to the light changing of the
which contains the top point of the target. Here, we assureavironment even it has multiple light sources at the same
A is the tallest point andi, B, C, D are in clockwise order. time. Hence, we proposed to use light sources with wider beam
See Fig. 1(b) for illustration. Assume the coordinates afrfoin our approach such that the number of possible catching
vertices A, B,C, D of marked quadrilaterals are€X4,Y,4), points increases. Our experiment results also verified this
(XB,YB), (Xc,Ye) and(Xp,Yp) respectively (those coor- However, this may be arise another problem since the
dinates can be computed since the position and the Euclideaading of a sensor nodes could be affected by multiple
distance from each sensor node and each light sourceligtt sources such that photo values of multiple sensork wil
the ground is known). Next, for all the candidate points ibe affected when a target exists. We further propose our
quadrilateral ABC D, we choose the point with coordinategprobabilistic approach to solve this problem.
(XetXp Yat¥o) as the top point of the target being tracked. -
Clearly, the point(Xz+Xp Yat¥e) has the minimum error E- Our Probabilistic Approach
bound for both computed height and position. The main idea of our probabilistic method is as folllows.
Next, we show that our method to compute the height aiile first partition the monitored area into cells and assign
position of a target has error bourgj and % respectively probabilities to different cells based on the collectecadatch
whered is the distance between two adjacent sensor nodestiat for any time slot, the cell with highest probability ke
a group andw is the width of our monitored area. It is notconsidered the position of the moving target. See Fig. 2 for
difficult to prove the following lemma. illustration. As we can see from Fig. 2, each cell could beggon
Lemma 1: For any quadrilaterak BC' D (example shown through by one or more links (lines) between some light senso
in Fig. 1(b)) whereA is the tallest point andi, B, C, D are and some light source. For instance, the cell (blue rectmg!
in clockwise order, if pointd’s x-coordinateX4 < % then Fig. 2 is gone through by link2,9) and(3, 7). After partition,
Xo < Xa; if X4 = § then X¢ = Xg; otherwiseXc > we are able to assign different probability to differenisély

Increasing the Number of Potential Catching Points

Xa> 3. collecting enough readings of sensors. For instance, iéthee
Based on Lemma 1, it is not difficult to obtain the followingsome nodes from grouh 3, 7, 9 reporting “catching” event to
Lemma 2. the base station, it is more possible that the moving taget i

Lemma 2: The error bound betweeﬁf*;i and the real in the blue cell since all other cells being gone through by
height 4 is bound byg where d is the Euclidean distancelink (2,9) has smaller probability to cause the readings of
between two adjacent sensors in the same group. sensors (in group and7) to change. For simplicity, we say

Clearly, when the top point of the target exists in th#éat a link(a,b) is “active” at time slott if there are sensors
quadrilateral (grey area shown in Fig. 1(b)) which contairfsom both groupa and groupb reporting “catching” events
the light sources, the error bound could be upstowhich is at time slott. Noticing that, there are some cells that are not



Algorithm 1 Computing Position of The target at Time Slot

t

Input: Given all the readings collected by the base station at time

slot ¢, all cells in setC

Output: The position of the moving targets.
@ 1: Obtain all active links based on all readings collected leyliase

6 7 8 9 u station, assume the active link setds

2: if Only one active link existshen

Fig. 2. A vertical view of partitioned area. Totally0 (from 1 to 10) 3-  Compute and return the position by our method proposed in
groups of sensors. Black (resp. Red) nodes denotes wirsdes®ors Sec.FI)II-C P Y prop

(resp. light sources). Solid lines denotes the possiblslivetween . 450

light sensors and light sources. Slashed rectangles at#iqred 5. 5, each cellc € C do

cells. 6: for each active link € £ do

gone through by any link,e., these cells are in blind area in 7: if 1 goes through celt, increase the probability of cell
which a moving target cannot be detected. We can increage ¢ to contain the moving target

. while any two cellsc; and c2 have the same highest proba-
the number of sensor nodes to decrease such “blind” cells in bility doy “ 2 9 P

order to increase the accuracy of “iLight” tracking system. o If ¢; andc; are adjacent to each other, mergeandc; into
Based on the partition, we proposed the main idea of big cell c12, C = CUJci2 \ {c1,c2}; Otherwise, increase
computing the trajectory of a moving target as follows. At the probability of the cell which is closer to the position of

target at time slot — 1.
Return the position of the (gravity) center of the cell wittet
highest probability

the beginning, when no target exists, all cells have the same
probability 0. Given any timet, if only two groups of sensor
report “catching” events, then we use our proposed methed
(in Sec. 1lI-C) to compute the location (and height etc.)hadf t
target..Otherwise, when there are multiple links gxist |aueti_ algorithms in a real-life wireless sensor network.
slot ¢, i.e., there could be more than one potential possible
position where the target could be. For each eedind each A System Design
link , if I goes through celt andl is active, we increase the  The iLight tracking system consists dfl wireless sensor
probability for cellc (by 0.1 in our experiments) to containnode (one node will be used as the sink node connected
the moving target. Next, we pick the center of the cell witko the base station),0 general light sources and one base
the highest probability as the position of the moving targestation (laptop). We divide alk0 sensors intal0 groups and
Sometimes, two different cell may have the same highesich group hag sensors respectively. As we have introduced
probability. Through experiments we found that the maibefore, each group of sensors has the same coordinatesgfrom
reason for two different cell have the same highest proltabilvertical view) but different Euclidean distance to the grdu
is due to the moving target’s occupying two cells at the sanhe our test bed, we simply sort all sensor nodes in a group
time, in other words, these two cells are adjacent. In sush,cain lexicographical order such that the group leader is salle
we merge two cells into a big cell and consider the gravityable | summarize the main parameters of dught tracking
center as the most possible position for the moving targeystem.
When two cells which are not adjacent to each other have
the same highest probability (although this seldom happens
according to our experimental results), we consider thé cel
which is closer to the position of the moving target at pregio [ Parameter Value
time slot has higher probability. The reason for us to do this? of TelosB sensor groups 10
is because we consider the moving target has regular movjrigstance between two adjacefit30 (resp.20, 10) cm
speed, like the walking speed of a normal person. Since pgensors in the same group
. - # of sensors per group 3 (resp.4, 6)
average sample rate for a sensor is arouf@ milliseconds —gisiance between wo groups At2.5 meters
and we consider the time period of a single time slo5G8 the same side
milliseconds, it is more possible that the cell which is elos| Distance between two face-ig-3 (resp.4) meters
to the position of previous time slot has higher probabhility face groups

TABLE |
“ILIGHT” SYSTEM PARAMETERS

Actually, when the above assumption about the constraints| gargets (height of people) é(1$5cm), IIg(imcm),
moving speed is not true, we can randomly pick up the center Eggg’gmg (180cm),
of one of twp cells as .the Iocation .of the moving.object. Si”f"Hight of a Tight source 160cm

we can continue to refine the position of the moving object Byvoving Speed 0.5 and 1 meter/sec

future readings of sensors. The probability of each cell w|l Size of a cell after partition 0.5meter x 0.5meter
be reset td) after time slott finishes. See Alg. 1 for details.

IV. PERFORMANCEEVALUATION B. Experimental Results

To illustrate the feasibility and performance of our tracki  We chooseb persons (namely A, B, C, D, E) with height
system, we implemented our tracking system and tested débcm, 170cm, 175cm, 180cm, 185cm respectively as our



moving targets. We let each target go through the monitor&dis is because there are more “catching points” in the neidd|
area from different position®.g., through the right middle or of the monitored area such thiatight can refine the tracking
1 meter to the right side respectively. We repeat each test camjectory better.
for 20 times and experimental results show the average values.

The following Fig. 3(a) (resp. 3(b)) shows our results for
computing the heights of each of five targets when all targetsThis work is supported by the National 973 Project of China
move forward through middle (resp_meter to the r|ght Side) under Grant N02011C8302701, the National Science Fund
with speed).5, 1 meter/sec respectively. As we can see in Figor Distinguished Young Scholars under Grant No.60925010
3(a), with the increment of the number of sensor nodes p’@j’ﬁd the National Natural Science Foundation of China (
group, the error of each target's height decrease. Whee th&i0.60903072).
is 3 sensors (with distancg) cm) in a group, the maximum VI. CONCLUSION
error is aroun&cm. However, when we increase the number of i ] _ ) )
sensor nodes 0, the average error is refined to be witRiem. In this paper, we S_tUd'Ed device-free passive tracking -prob
In addition, the moving speed of a target does not influenee ggmatan mdoor_enwronment. We propos_e(_zl several algogthm
resultant height obviously since the sample rate of a wgeelel© Study the moving patterns of targets efficiently. We desty
node iniLight is high enough to catch any passing targé“lnd !m_plementeq our tracking methods in a real-life WSN
(human being in this case). The similar case happened in r_q&nsstmg of40 wireless sensor nodes and one base station.

V. ACKNOWLEDGEMENT

3(b). REFERENCES
[1] AHMED, N., DONG, Y., BOKAREVA, T., KANHERE, S., HA, S.,
195 BESSELL T., RUTTEN, M., RISTIC, B., AND GORDON, N. Detection

I A (1650m)
[ B (170cm)

190 Eic (a75om) 190

D (180cm)

185/) mE (185cm)

and tracking using wireless sensor networR€M SenSys (2007).

[2] AL-ALI,A.R., ALouL, F. A., AJl, N. R., AL-ZAROUNI, A. A., AND
FAKHRO, N. H. Mobile rfid tracking systemlCTTA (2008).

[3] AOuUN, M., SCHOOFS A., AND VAN DER STOK, P. Efficient time
synchronization for wireless sensor networks in an indalsgetting.
ACM SenSys (2008).

[4] BAHL, P., AND PADMANABHAN, V. An in-building rf-based user
location and tracking systemEEE INFOCOM (2000).

A (165cm)
B (170cm)
[Jc (175em)
[ D (180cm)
Il E (185cm)

15TT3X05 3X1 4X05 4X1 6X05 6X1 15 TT3X05 3X1 4X05 4X1 6X05 6X1 [5] DUTTA, P., GRIMMER, M., ARORA, A., BIBY, S.,AND CULLER., D.
# of Sensors per group X Speed (m/s) # of Sensors per group X Speed (mis) Design of a wireless sensor network platform for detectamg,rrandom
(a) (b) and ephemeral event&CM/IEEE IPSN (2005).

[6] ELNAHRAWY, E., LI, X., AND MARTIN, R. The limits of localization

Fig. 3. Experiment results for computing heights of different &sg 71 ésl\i‘r/lgvﬁfi'%c%\‘hl(szgg:)h BMIESON, K.. MOSS D.. AND LEVIS

in different cases. (a) All targets move fqrward in the rlgmdqle. P. Collection tree protocol. IACM SenSys (2009).

(b) All targets move forward in a line which is meter to the right g1 GupTa, R.,AND Das, S. R. Tracking moving targets in a smart sensor

side. network. Proc. of the VTC Fall Symposium (2003).

[9] HE, T., KRISHNAMURTHY, S., STANKOVIC, J. A.,AND ABDELZAHER,
T. An energy-efcient surveillance system using wirelesssee net-
works. ACM MobiSys (2004).

[10] HE, T., VICAIRE, P. A., YaN, T., Luo, L., Gu, L., ZHOU, G.,
STOLERU, R., CaO, Q., STANKOVIC, J. A., AND ABDELZAHER, T.
Achieving real-time target tracking using wireless sensetworks.
RTAS (2006).

[11] KuNG, H. T.,AND VLAH, D. Efficient location tracking using sensor
networks. WCNC (2003).

[12] MAROTI, M., Kusy, B., SMON, G.,AND LEDECzI, A. The flooding

10 time synchronization protocolACM SenSys (2004).

[13] MoussA M., AND YOUSSEF M. Smart cevices for smart environ-

(b) ments: Device-free passive detection in real environmerits |[EEE

PerCom (2009).
Fig. 4. (a) Test beds and test cases. (b) he blue curve is the rE#ll PATWARI, N., AND AGRAWAL, P. Effects of correlated shadowing:
moving trajectory of target C and thin red line segments &ee t__ Connectivity, localization, and rf tomography. IRSN (2008).

. : o : [15] TseNG, Y. C., Kuo, S. P., LEE, H. W., AND HUANG, C. F. Location
computed trajectories by iLight tracking system. tracking in a wireless sensor network by mobile agents amdidta

fusion strategies|PSN (2003).

The Fig. 4(a) shows some pictures of our testbed and sofi@ (\j(Ao, Q. GAS,IH.,ILlu, B., AND VIVANG, F. l\/ll(odebl: m(tj)vilr\@{I objeict
; ; : etection and localization in wireless networks based oallssoale
test cases. In this case, we drew four tangent half circlés wi fading. InACM SenSys (2008).

radius1.25m on the ground in the monitored area and let ea¢fv] Yousser M., MaH, M., AND AGRAWALA, A. Challenges: device-

of five targets walk foIIowing the curve (b|ue curve shown in free passive localization for wireless environments.ABM MobiCom
. . . . (2007).
Fig. 4(b)). The Fig. 4(b) shows both the real moving trajecto 18] ZHANG, D., MA, J.. GHEN, Q.. AND NI, L. An RF-based system for

(blue curve) and the computed moving trajectory (red line ~ tracking transceiver-free objects. IEEE PerCom (2007).
segments) of one of moving targets, C. As we can see, fh8l ZHANG, D., AND Ni, L. Dynamic Clustering for Tracking Multiple
computed moving trajectory of C has higher accuracy in the ansceiver-free Objects. WMEEE PerCom (2009).

middle compared with the moving trajectory at the two ends.

=

w

-

Width of Monitored Area (meter)
[N

]

2 4 6 8
Length of Monitored Area (meter)




