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Abstract—As a supporting technology for most pervasive important problem is how to locate and navigate to a specified
applications, indoor localization and navigation has attacted mobile user. For example, when a baby or a dog is lost in
extensive attention in recent years. Conventional solutits mainly a shopping mall, how to quickly locate and navigate to the

leverage techniques like WiFi, cellular network etc. to eféctively . - - .
locate the user for indoor localization and navigation. In his Mobile target? Obviously, the mobile target can only pasgiv

paper, we investigate into the problem of indoor navigationby |€ave some traces in the environment through the equipped
using the RFID-based delay tolerant network. Being differat NFC or bluetooth modules. It cannot actively propagatetits ¢
from the previous work, we aim to efficiently locate and navigite  rent position directly to the searchers. Besides, timeieficy

to a specified mobile user who is continuously moving within s yery critical to the searchers, since the less time to thee
the indoor environment. We respectively propose a framewdt e . ’ '
more opportunities to find the target.

to schedule the tasks and manage the resources in the networ

and a navigation algorithm to locate and navigate to the movig Therefore, it is essential to devise a time-efficient navaga

target. Experiment results show that our solution can effioently scheme by using the RFID-based delay tolerant network. In

reduce the average searching time for indoor navigation. this paper, we first propose a framework to schedule the
I. INTRODUCTION tasks and manage the resources in this network. Furtheymore

. . . . o . we propose a navigation algorithm to locate and navigate to
As the rapid proliferation of pervasive applications inood the moving target. The main contributions of this paper are

environment, a lot of location-based services and context- . ]
sqummarlzed as follows:

aware services are put forward, in which location is viewe ¢ K| ,
as one of the most significant factors. For most applications * W& Propose a framework leveraging RFID-based de-
lay tolerant network for localization and navigation. By

it is required to provide an accurate location for the spedifi o , . ) X
objects. However, the current mature technology like globa  Sufficiently leveraging the “store-and-forward” propesi
position system (GPS) can only be used in the outdoor ©Of the delay tolerant network, our solution provides an
environment for localization, several issues like the ipsth effective mechanism for navigation using “crowdsourc-
effect and severe path loss make the indoor localizatiort a lo  "9” capabilities. By effectively scheduling the tasks and
more complicated than the outdoor situation. Thereforeta | ~ Managing the limited resources in the tags, the system can
of research works have focused on localization and nagigati ~ Provide navigation services for a large number of users.
schemes for indoor environment [1-7]. Most of the solutions * W€ Propose a time-efficient scheme to locate and navigate
are rather complicated and fairly expensive. to a mobile target who is continuously moving. According

Recent technological advances have enabled the develop- © the latest obtained spots of appearance, our solution
ment of low-cost, low-power devices [8-9]. RFID, as a novel navigates .the sea_rcher to the most possible region of the
technology for automatic identification, provides us with a  t@rget, which achieves a good performance in terms of
new opportunity for indoor localization and navigation.rFo e time-efficiency.
example, the low-cost RFID tags can be widely deployed Il. RELATED WORK
inside the indoor environment and act as landmarks for lo- .

o . . - Many research works use RFID technology for indoor
calization. Since current smart phones can be equipped V\1Ith 7 : o

. o . localization [10-13]. LANDMARC [10] is a tag localization

near field communication (NFC) or bluetooth modules, Wh'Cﬁrotot e in indoor environment. By utilizing extra fixed
can effectively communicate with the active/passive tdlgs, b yp - =Y g

. . . . . location reference tags to help location calibration, ih ca
mobile users can actively interrogate the surroundingwatis . : : )
. . ) increase location accuracy without deploying large number
tiny devices like smart phones and leave messages or tra&e%FlD readers. Zhu et al. propose an fault-tolerant REID
to the tags. In this way, the RFID-based infrastructure ®oam ' - Prop

delay tolerant network. As the scanning range of RFID systerr%ader localization approach to solve the problem of frague
. . ccurred RFID faults [13]. Moreover, they also propose the
is usually no more than 5m, the system can effectively Ioca?e

. . INdex to measure the quality of a localization result.
the users by limiting the positioning error to at most 5m. : ) . o .
. . s . Escort [14] is an office environment localization and navi-
In conventional indoor applications, the users are contin-

. - . . gation system which uses client/server architecture. Tikatc
uously moving within the indoor environment. Then, on . . . L
running on the user-carried mobile phones periodically -mea

Corresponding Author: Dr. Lei Xie, Ixie@nju.edu.cn sures the value of accelerometer and compass of the user’s
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Fig. 1. An overview of the indoor navigation scheme using RBhsed delay tolerant network

walking trail. The user's trail is periodically reported tofor the targetT. As time goes on, when a helpér detects
escort server. To correct user’s position diverging from hthe request message, the helper will kn®us looking for T.
actual location, audio beacons are placed in the building a¥he helperH has two ways to help the searcher. One way
reference frame. Encounter between two mobile phones, @ado post this request message to surrounding tags which he
encounter between the mobile phone and the beacon will bettl pass by. Thus more users may detect the request and give
be reported to the escort server. Escort server utilizessusénelp to the searcher; The other way is to post event messages
walking trail and encounters to compute the current pasiti@f the targetT detected byH to more tags. The search&r
of each user and routing directions. Being different frora thcontinuously detects event messages about the targand
previous works, we focus on the problem of navigating to adjusts his movement direction until he meets the target at
moving target using RFID-based delay tolerant network. some place.

Our goal is to design a time efficient approach to navigate
a searcher to a moving target in indoor environment. There

Figure 1a shows the envisioned application scenario for oame two challenges in the problem. One is that the target is
RFID-based delay tolerant network navigation scheme. Thethe movement. In the RFID-based delay tolerant network,
mobile users can actively interrogate the surroundingdtfs there is no central server which can record each user’siposit
tiny devices like smart phones and leave messages to the tagseal time. The target's position information is stored in
Those tags act as landmarks for localization, so the plasemgags which are distributed in the environment. This is the
of them are very important. In order to save labor costs of tagain difference between our navigation scheme and thetescor
deployment without reducing the quality of navigation, veec [14]. The other challenge is that the storage capacity oDRFI
deploy RFID tags in key locations, such as door of each offieggs is limited. The operation of posting message needs to be
room, meeting room and washing room. In addition, somaanaged reasonably.
public locations also need to be deployed with tags, such as
corners of corridor, elevators and entrances of building. IV. PROBLEM ANALYSIS

Each interrogator carried by the user in our scheme ha

Il. SYSTEM OVERVIEW

two kinds of operationgiost andquery. Interrogator uses post e analyse the problem of locating and navigating to a
P ¥ query. 9 P %ecified mobile user within the indoor environment on a

operation to write messages to tags, and uses query opera% . -~ ; .
to read messages from tags. For example, when a user reac ngl%recte?d graph G = (V, E). The yndlrected graph is an
an office room, the user can post an event message to ?T?es raction .Of the RFI.D tag location re_ference frame, for
. ' . : example, Figure 1bV is the set of vertices. Each vertex

surrounding tags through the interrogator. This event BgESS c I represents a tag in the frame. Each vertexcarries
states that the user has been here before. At the same time’ositivepvalues- whicg is the memory size of tehe tade
the user can also query other users’ event messages from%kp&e set of ed 1es If two verticas c ‘y/ andv. ¢ V are
surrounding tags, so as to detect other users’ traces. . . ges. N J

There exist three types of roles in our schersearcher adjacent in physical space, there is an edgev;) between

target and helper. Each user is a helper for others. Speciallvertexvi and vertexy;. Each edggv;, v;) carries a positive
. : : aluew(v;][v;] which is the distance between the two vertices
a user can also be a searcher if he or she is looking for another
- : : connected by the edge.
user. Coincidentally, if he or she is also a target of othibies, ' .
. . On the graphz, we want to find the optimal vertex sequence
user will have the third role as a target.

Suppose a search& is looking for a targefl. At first,
the searcher doesn’t know the position of target. Seargher
queries the surrounding tags to detect the taffjstevent wherev] is the current location of the search®randv,, is
messages. Besides, searcBealso posts request message tthe finally location where the searcher found the taeso

the surrounding tags which states that sear@és looking as to minimize the total distance of the vertex sequence. Let

(U], 0,y y), (v, vi,) €E,1<i<n—1 (1)



L be the total distance which is defined below: on, H; will carry and forward this request messaBiéS, T, t)

and event messages of the target to vertices he passes by. We
L = wlvi][vp] + wvp][o5] + ... +wlon L]l @) cqyihis process is the forwarding process. Whrejspreduced

Formally, our goal is to to zero, userH; stops this forwarding process, and discards

the request message.

In the searcher mode, when a searcher is passing by a vertex,
he will post a request messagés(S,T,t¢) to the vertex.
Once other users pass by the same vertex, they will detect
subject to the memory size s; for each vertexv;. In this  this request message, and know that the sea®fietooking
paper, we use the average searching time to measure fd}ethe targetT. Using this way, searche gets helps from
performance of our solution. other users. The searcher ugdgorithm 2 to select the next
neighbor vertex to move. BecauSenay be a helper for others,
he also needs to do step 2, 3 in the normal mode.

n—1
min L < min Z wlvj][viy 4] 3

=1

V. DISTRIBUTED SOLUTION
A. The Framework for Mobile Navigation

We describe the framework of mobile navigation on thglgorlthm 1 The Framework for Mobile Navigation

undirected graphG as shown inAlgorithm 1. Each user ~ Normal Mode .
moves from one vertex to another vertex on the graph. Ourl- If userH; is looking for targefT then

task is to navigate a search®ito a moving targef. Jump to Searcher Mode. .

There exist two kinds of messages in the framewertent ~ 2- When user; is passing by vertex; at time?,
message antequest message. Each of them is a three tuple. (a). userH; queries all event messages storedvpn
We use E (H;,v;,t) to represent an event message, and a”f’ adds these event messages(x, v;, %)} to
R(S,T,t) to represent a request message, respectively. The Hi's trace table;
meaning of these two messages is defined as follows: (b). userH; posts an event messag&(H;, v;, t) 10 v;;

1. E (H;,v;,t): H; represents a user; represents a vertex (c). userH; queries all request messages storedgn
on the graphG; ¢ represents the time when the event took and adds these request messag@seS, T’ «)} to
place. It states that uséf; passed by vertex; at timet. Hi’s help queue.

2. R(S,T,t): Srepresents a search@represents a target; 3 For each R(S,T,1) .i” Hj's help queue
¢ represents the time when the request was generated. k& state ~ dedueueR (5, 7' ¢);

that S wants to look forT at timet. if tnow —t < 6 then
Combining two operations: post, query with these two kinds 7 =0g;
of messages, users get four ways to communicate with the repeat: _
surrounding RFID tags. They angost event, post request, when H; is passing by vertex,
query event and query request. Users use post operations to T=7-1
write event or request messages to the surrounding tags, and (a). H; posts a request messageS, T', t) t0 vy;
query operations to read messages from the surrounding tags (b). H; selects event messaggs (', *, )} of
Each user has two modesprmal mode and searcher the targefT from Hjs trace table; then
mode At first, all the users and the potential targets are _ H; posts these event messagesfo
working in the normal mode. When the user is looking for a until 7 =0

target, he will jump to the searcher mode. The searcher mode>¢archer Mode
is an escalation state of the normal mode. 1. Step 2, 3 in the Normal Mode
In the normal mode, when a user is passing by a vertex, he>- When passing by vertex; at timet, searchesS posts
will do three things. First, he queries all event messagesat a request message(s, T'¢) o v;.
on the vertex and adds them to hiace table, so as to detect ~ 3- Call Algorithm 2 to select the next neighbor vertex.
other users’ traces. Second, he posts an event message to tAe WWhen searche finds targefT,
vertex, so as to leave traces of himself for potential search Jump to Normal Mode.
Third, he queries all request messages stored on the vertex
and adds them to hikelp queue so as to detect searchersB. Trace Table and Help Queue
request messages. Under the above navigation framework, each user maintains
For each request messade(S,T,t) in user H;’s help a trace table to record other users’ event messages. Eagh ent
queue, userH; will make a decision whether to help thein the trace table is a key-value pair. The key of the entry is
searchelS to look for the targefl. If the current timet,.,., user_id which is the identification of a user. The value of the
minus the timestamp of the request messagexceeding a entry is an event message list which records thefopmost
given threshold; (6; > 0), H; discards the request and doesecent traces of thaser_id, whered,, is a positive threshold
nothing. Otherwisgd; decides to help the searcher. We definpredefined.
7 for each pair of searche® and targetT. At first, 7 is In addition, each user also maintains a help queue to record
initialized to an given positive threshol@lz. As time goes request messages of searchers under the framework. Each




entry in the help queue is a request message which givesation of the target is,7. Then vertexv;; will be selected,

the identifications of searcher and target, also the timgstabecause it is the nearest neighborvgfto the vertexv; .

of this message. This request message was firstly posted biowever, three reasons make us do not use the above simple

the searcher, then other users carry and forward this messagethod to select the next vertex to move. The first reason is

without changing the timestamp of it. We use a positive timbat the trace with latest timestamp may be far away. There

thresholdd; to decide whether to discard outdated requestsshould be a tradeoff between the timestamp of the trace and
distance. The second reason is that the target is a moving

C. Management of RFID tags object whose motion is a continuous process. The third reaso

Because the memory size of RFID tag is limited, W&s that the movement behavior of the target has locality @ th

should make full use of these storage resources. Under ’Eﬁé‘l world. We l_JseAIgonthm 2 to select the next nelghbor
navigation framework, post operation will write messages {o move and gL_ude the_searcher o be close to a taegain
tags. Therefore, a reasonable writing and replacing x\;;yaterather than a single point.
should be used. Now, considering the following situations. Algorithm 2 Navigation Algorithm

Situation 1. Normal Mode 2(b) Each tag maintains at
most\ event messages of each uggr If the number of event
messages is less than then E (H;, v;,t) will be written to
v;. Otherwise, the oldest event messagefffstored onv;
will be replaced withE (H;, v;,1).

Input: t,o0; vs; d; V = (v1,v9, ..., Um);
U= <U,1,U2, "'au’rL); I'= <t17f'27 "'7fﬂn>;
Output: next neighbow,,.,; to move
1: Calculate all vertices pairs’ shortest path length

. . on graphG using algorithm such as Floyd-Warshall or
Situation 2. Normal Mode 3(a) Each tag maintains at Dijistra; and store these values in matrix

most one request message of sear@and targefT. If there 2 for eachu: € U do
already exists a request messagés, 7, ¢’ on vy, andt’ < ¢, 3: o — b
then the timestamp will be updated tat. No extra memory b tnow—ti

. : 4. end for
space will be used. Besides, we take the same strategy in_ — S

i=1 Qi
Segirtzgzz)r':/l gdeNE:?npaleode 3(b) Because there are many . for cac r11eighborz/j <V, of s do
helpers in the system, if all of them post messages to a verte%: en](;(fyég dlosllvs] + 25 & < dlsllud;
as soon as they pass by it, the memory space of the tag Will ggject the smallest ValUE(Vpnin) FrOM F(11)senf (vm);
be reduced rapidly. Therefore, we use a posting probability Vnowt = Urnin
p =s}/s;, (0 < p<1)to adjust users’ post operations, where
s; is the total memory size of, ands; is the memory size  |n Algorithm 2, ¢,,.., iS the current timeyp; is the current
which has not been used of vertex. When a helper passesjocation of the searches; d is a shortest path matrix which
by a vertex, he will post messages to the vertex with a postigén be precalculated; each elemépf[v'] € d is the shortest

probability p. path length between vertexand+’; all vertices in collection
o _ V = (v1,va,...,vy) are the neighbors of vertex,. Besides,
D. Navigation Algorithm we use the trace table of searct®rto predict the current

Our goal is to find the optimal vertex sequence, so as f@Fation of the target. Let (n < ;) is the event messages
navigate searched to a moving targeT with minimum time Number of the targef. Arrange these event messages in
cost. At the beginning of the above navigation frameworkl€scending order according to the timestamp. Represent the
if there is no priori knowledge of the target's movemen@ifangement with the st (T, u1,t1), E(T,us,ta), ... ,
searcherS can only randomly select a place to move withou (T tn, tn). Correspondinglyl’ = (t1, 3, ..., ) is the list
any guidance. After a period of time, the searcher collec® imestamps, an@/ = (u1, ua, ..., uy) is the list of vertices.
some event messages of the target which states that the ta¥§&tices in listU' compose the target region. _
appears at some places. The more traces searcher collect0’ €ach neighbar; of v,, we define a cost functiofi(v;)
the better searcher will know about the target's movemeff. Predict whether the searcher is close to the target or far
If history data of the target's movement can be obtained, tH@m the target. We assign a normalized weighta for each
searcher can even predict the current location of the tard8fteXu; in the target region according to the timestamp. The
according to those traces he gets now. At least, seaBhas weight of vertex with latest traces will have higher valuarth

some instructive guidance at this time. that of other vertices. Cost functiof(v;) is defined below:
When searche$ has collected some event messages of the LI

targetT, the searcher could use these traces as the guidance F(vy) = wlvly] + Y — < dly]lui] 4

to select the next neighbor vertex to move. A simple way i=1

to do this is selecting the neighbor vertex which is neareghe neighbor vertex which has the lowest cost will be setecte
to the latest appearance location of the target. For examme the next intermediate vertex. For example, in Figure 2, we
suppose the weight of all edges are equal in Figure 1(b). Tagsume that all the edges between two vertices on the graph
current location of the searcherds, and the latest appearanceequals to 1n = 3; V = (va, v4, v11,v21), U = (v17, v18, V19),



I' = (4,3,1), the current time,,,,, = 5. Then vertexv;; will  region. The center of the circle is the user’s initial pasitand

be selected as the next intermediate vertex. Because the tos radius of the circle obeys a normal distributitity, 62),

of v11 is 7.57 which is less than the cost ©f, vs Or vo. wherey is the expectation of radius. The stay time of each user
obeys a truncated power-law distributip(t) = C' x t=2-5(s),

(5 <t < 60). Parameters used in the experiments are showed
in Table 1. For all figures presented, we run the simulation

1,000 times to get average values.

Table 1. Parameters used in the simulation

Parameter Description Value

m number of users 50, ...,500

Or (S) time to live of request messagk [10, ..., 200
v v, e v va 0 number of event message 1,...,10
w (m) expectation of region radius 6,...,60

Fig. 2. Select the next position (vertex) and move to a targgion B Experi ts Result

1) Average Searching Time: In Figure 3a, 3b, we plot the
average searching time of three solutions under two mgbilit

We implement a simulator in Java to simulate the navigatigRodels with different numbers of users. We guarantee that
process, thus to evaluate the performance of our soluti@n. YWe inputs of users’ movement behaviors for each solutien ar
conduct the simulation based on3& x 30 grid-graph. Each the same. As we can see from these 2 subfigures, with the
vertex on the graph represents a tag in the RFID-based delgdmper of users increasing, the average searching timerof ou
tolerant network. In addition to the boundary vertices,heagoution is reduced gradually. When increasing the number o
vertex has four neighbor vertices. To simulate the movemepers from 50 to 500, our solution’s average searching time
behaviors of users on the graph, we use two classical humaieduced from 742/487 seconds to 226/234 seconds. While
mobility models [15, 16]. the average searching time of blind navigation or centalliz

We compare the performance of our solution with two otheyayigation is essentially unchanged. This is consistetft our
solutions: blind navigation solution and centralized ga#ion intuition that more users means more helpers for the searche
solution by the average searching time. In blind navigationm Figure 3c, 3d’ we p|0t the average Searching time of
solution, searcher randomly selects a vertex on the graglir solution under two mobility models with different vatue
and moves to the vertex with shortest path. If the search§ 9, and 6. When the value of)y is small, the average
doesn't find the target on the path, then the searcher W§barching time is large. Because only a few number of users
repeat the above process until he finds the target. In cez@ttial could receive request messages and the searcher getseiile
solution, we suppose that the searcher can obtain the 'Brgfbm others. When increasing the valuedgf from 10 seconds
current pOSitiOﬂ in real time. The searcher always movekeo tto 200 seconds, the average searching time is reduced more
neighbor vertex which is nearest to the target. In this pap@fan 30%. Different fron®, the impact ofj}, is little. When
we regard the centralized solution as the approximate @btinfhe value of9, is 1, 5 under RW or 1, 3, 9 under RWP, the
solution and the blind navigation solution as the worst sotu average Searching time is S||ght|y smaller than others.

In Figure 3e, we plot the average searching time of our so-
lution under RWP with different localities of users’ movemhe

At the beginning of the simulation, we randomly select Behaviors. When the value ¢f is less than 12, users move
vertex on the30 x 30 grid-graph for each user as the userin a small region. The request messages of searcher spread
initial position. All the users are limited to move on the edg slowly. Thus it takes a long time for the searcher to detegt th
of the grid-graph. The length of each edge is 4 m. In order target's traces, and the average searching time is largenWh
avoid situation that searcher never catches up with thetarghe locality of users’ movements is week, say> 30, the
we assign the movement speed of the searcher is 2 m/s amslyement region of the target is large. So, it is also difficul
other users’ are 1 m/s. If searcher and the target happen tofdethe searcher to find the target. We find that wheis 20
on the same edge, we think the searcher has found the targei.average searching time is the smallest.

To simulate the movement behaviors of users, we use a2) Number of Messages. In Figure 3f, we plot the average
simplified Random Walk Mobility Model (RW) and a Randonrmumber of messages stored in the delay tolerant network as
Way-Point Mobility Model(RWP). Under the random walktime grows. The number of request messages under RWP is
mobility model, whenever a user reaches a vertex, the usghtly smaller than RW. When the time is about 200 (s),
will randomly select a neighbor vertex to move. Under théhe number of request messages reaches its maximum. The
random way-point mobility model, each user randomly ssleadumber decreases as the request message’s time to live is
a vertex within a local region on the graph and moves to tmeduced to zero. The number of event messages grows fast
vertex with shortest path. When arriving at the vertex, tberu between 150 (s) to 350 (s). After 400 (s), the number of event
will stay on the vertex for a period of time, then repeat thmessages is essentially unchanged. Because no more request
above process. We use a circular region to describe suclalb lonessages are generated after that.

VI. PERFORMANCEEVALUATION

A. Experiments Settings
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Fig. 3. Comparison of the average searching time under Rantfalk Mobility Model (RW) and Random Way-Point Mobility Metl (RWP) with different
parameters (number of users; time to live of request messad@g;; number of event messagég; expectation of movement region radip$.

This paper proposes a framework using RFID-based delay

VIl. CONCLUSION

tolerant network for indoor navigation. By sufficiently Enag-

ing

solution provides an effective mechanism for indoor naviga
tion. Simulation results show that our solution can effitdien
reduce the average searching time of navigation. We discuss

the store-forward properties of delay tolerant network

the influences of different mobility parameters in the end.
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