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Abstract

RFID technologies are gaining much attention as they
are attractive solutions to many application domains. Lo-
calization based on active RFID technologies provides a
much needed added-value to further expand the application
domain. LANDMARC was the first attempt using active
RFID for indoor location sensing with satisfactory results.
However, the LANDMARC approach suffers from two
drawbacks. First, it does not work well in a closed area
with severe radio signal multi-path effects. Second, to fur-
ther improve the localization accuracy, more reference
tags are needed which is costly and may trigger the RF
interference phenomenon. The proposed VIRE approach
can overcome the above drawbacks without additional cost.
Based on the concept of virtual reference tags, a proximity
map is maintained by each reader. An elimination algo-
rithm is used to eliminate those unlikely locations to reduce
the estimation error. Our experimental results show that
the new method consistently enhances the precision of in-
door localization from 17 to 73 percent over the LAND-
MARC approach at different tag locations in different envi-
ronments.

1. Introduction

The localization problem has received considerable at-
tention in the areas of pervasive computing and wireless
networks as many applications need to know where objects
are, and hence various location-based services are being
created. Undoubtedly, the Global Positioning System (GPS)
is the most well-known location service in use today. How-
ever, GPS is unsuitable for use in indoor environments.
Some other technologies, such as infrared, ultrasonic, video
cameras, and electro-magnetic field strength, are possible
solutions with their own respective limitation and con-
straints [1]. Radio frequency (RF) is another promising
technology, which utilizes Received Signal Strength Indica-
tor (RSSI) to track moving objects if both moving objects
and some reference objects are using RF signals to com-
municate. In theory, the RSSI obtained by the receiver is a
function of the distance between the transmitter and the
receiver as indicated in many propagation models [15].
However, in practice, there are many problems in applying

these models. The indoor layout structure and moving ob-
jects can cause reflection, refraction, diffraction, dead-spots,
and absorption of radio signals. Therefore, severe multi-
path phenomenon will occur and affect the accuracy of
indoor location sensing. Moreover, many other factors also
influence the RSSI, such as temperature, orientation of an-
tenna, and height to the ground [2]. Nevertheless, since
RSSI is readily available in wireless communication with-
out additional cost, RF-based localization has become a hot
research issue [3].

In RF-based localization, there are four basic models [7].
The first model is where the tracking object is attached to a
transmitter (e.g., active RFID tags) and the location system
calculates the object’s position by information gathered
from receivers deployed in known locations [11]. In the
second model, the target object has to carry a receiver (e.g.,
802.11x detectors). The tracking object is able to receive
RSSI information from nearby transmitters (e.g., 802.11x
access points) and compute its current position [4, 5]. The
objects of the third model carry a transceiver (e.g., sensor
nodes) and exchange information with other objects. In the
fourth model called ‘transceiver-free’ technology, the
tracking carries neither a transmitter nor a receiver. The
position of the target object is obtained by comparing the
changing RSSI characteristics [6, 7] in the environment. In
order to improve the localization accuracy, many tech-
niques have been proposed and this subject remains a hot
research issue.

The paper will focus on the first model in which each
object carries a transmitter, such as an active RFID tag. An
active RFID tag can generate beacons independently. The
read range of an RFID reader is typically 100 meters. The
LANDMARC approach is one of the most popular indoor-
localization technologies using active RFID tags [11]. It
introduces the concept of reference tags with known loca-
tions to adapt to the environmental dynamics to enhance
the accuracy of location estimation. As pointed out in [11],
the implementation of LANDMARC did not work well due
to the constraints of the equipment (different behaviors of
tags), the long latency of feedback, the inability to provide
accurate RSSI readings, and the low density of reference
tags. Recently, the vendor has improved the functionality
of the equipments by directly providing the RSSI readings,



shortening the beaconing interval, and making all tags to
have a similar behavior. From our experiments with the
new equipments, we observe that the LANDMARC ap-
proach suffers from two drawbacks. First, it does not work
well in a closed area with severe radio signal multi-path
effects. Second, to further improve the localization accu-
racy, more reference tags are needed which is costly and
may cause RF interference phenomenon. This has triggered
the development of a new indoor localization technology
using active RFID.

Our objective is to demonstrate a novel approach for
providing high accuracy indoor localization using active
RFID. The new system can be implemented at low cost
without additional tags and readers. In this paper, we pre-
sent and implement a novel method using active RFID
called “Virtual Reference Elimination’ (VIRE). It allows
efficient and accurate estimation of objection locations in
indoor environments. In VIRE, instead of using many real
reference RFID tags deployed in the sensing area, we em-
ploy the concept of virtual reference tags to provide denser
reference coverage in the sensing area. To alleviate the
effects of uncharacteristic signal behavior, each reader gen-
erates a proximity map formed by virtual tags. To estimate
the possible position of an object, we can eliminate those
unlikely positions based on the information from different
maps with certain design parameters. Our experimental
measurements show that the tracking accuracy can be im-
proved by using VIRE over LANDMARC from 17% to
73%. The VIRE works well in complicated and closed in-
door environments.

The rest of this paper is organized as follows. We give a
brief overview of some related technologies in Section 2. In
Section 3 we revisit the LANDMARC approach and point
out some interesting observations. Our new approach,
VIRE, is detailed in Section 4. In Section 5, we show re-
sults from system implementation and measurements. Fi-
nally, we conclude our work in Section 6.

2. Related Work

The RFID technology has been applied in many applica-
tions. A standard RFID system consists of three parts:
RFID tags, readers, and middleware software [8]. The
RFID tag is a mandatory part of an RFID system. It can
convey information that is stored in an internal memory.
Although there are many types of RFID tags in existence,
we can distinguish them into two classes: active and pas-
sive [9]. Passive tags do not have any on-board power
source, such as a battery or solar power, and they are very
small and cheap. The transmission range of passive RFID
tags is typically limited to less than 10 feet.

Unlike passive RFID tags, active RFID tags carry a
power source which can power an integrated circuit to gen-
erate emitting beacons. The advantages of active RFID tags
include longer working range, higher data bandwidth,
automatically determining the best communication path,

and stable performance within crowded environments [10].

Due to the benefits of active RFID mentioned above,
some researchers have started to explore indoor localization
using active RFID. Theoretically, in an open space the rela-
tionship between the distance and signal strength should be
inversely squared. However, the relationship may change to
a three or four power depending on the environment in a
real situation. Furthermore, other factors may also affect
this relationship. Therefore, we cannot find the position of
one tag by calculating the signal strength directly. The
LANDMARC approach was one of the effective methods
[11]. It obtains the coordinates of tracking tags at different
locations by comparing their RSSI values with those of
reference tags at known locations. Basically, each reader
can measure the RSSI readings from a tracking tag as well
as those reference tags. A number of readers can then coor-
dinate their readings of the tracking tag to identify some
nearby reference tags. Based on the known locations of
these reference tags, the location of the tracking tag can be
estimated. The performance of LANDMARC based on the
new equipments will be reported in Section 3. Some re-
searchers have tried to improve upon the LANDMARC
approach. For example, in [12], the authors proposed a
triangulation mechanism to compute an additional coordi-
nate. This approach can reduce the latency by decreasing
the computing workload and enhance the location accuracy.

Based on the RF technology, Bluetooth provides a way
to connect and exchange information between portable and
mobile devices. As a transmitter, Bluetooth devices work
well in localization sensing. The BLN system [13] com-
posed by mobile badges and static Bluetooth nodes is pro-
posed for indoor positioning service to locate users who
carry Bluetooth devices inside a building. This method
builds a cooperative location network in every room. It
uses Bluetooth and Ethernet to cover a building. Based on
the slave-master model, this system solves the tracking
problem according to three phases: inquiry, page and con-
nection, and slave-master tracking. If the tracking object
moves to a region where a static node (SN) is deployed, the
master node can estimate the location of the target, using
the information combined by SN address and tracking ad-
dress. It provides the room-scale precision for localization.
The scalability of this system is limited by the transmission
traffic. BIPS [14] is another tracking system for mobile
users at low speed like walking in a room. This system
achieves about 3 or 4 meters of precision without consider-
ing the link setup delay.

3. LANDMARC: Reyvisited
3.1. Pitfalls of LANDMARC

The LANDMARC system consists of two parts: active
RFID tags and RFID readers. Although LANDMARC is an
effective location sensing system, as we mentioned earlier,
it faces some constrained problems, such as no direct signal
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Figure 1: The layout of the three different environments

strength reading, long latency of reporting the location,
varying behaviors of tags, and the low density of reference
tags.

In the original LANDMARC implementation, tags emit
beacons, in average, every 7.5 sec. The long time interval
of emitting two consecutive beacons from an active tag
induces a long feedback time for localization, which se-
verely limits the domain of application. Instead of reporting
the exact RSSI value, the reader only provides eight dis-
crete power levels which are used to control the transmis-
sion distance between the tags and the reader. The farthest
power level is level 8 and the nearest is 1. The authors used
power levels to estimate the RSSI which caused unneces-
sary localization inaccuracy. The third shortcoming of the
LANDMARC system is the varying behavior of individual
tags. Thus an expensive and time-consuming individual tag
calibration has to be performed to reduce localization error.
The localization accuracy can be improved by placing more
reference tags which is costly. The first three pitfalls were
mainly caused by the limitation of the equipments used in

[11].

3.2. Facilities Improvement

Our new system uses equipments manufactured by RF
Code [16], the same vendor as the equipment used in the
original LANDMARC implementation but with improved
hardware and software. The information of tags received
by readers is gathered to a central processing server. The
readers detect and interpret the radio frequency data emit-
ted by active RFID tags, which can be read at distances of
more than 1,000 feet depending on the antenna configura-
tion. Through the software middleware program, we can
directly obtain the useful information of reference tags and
tracking tags including the tag ID, the reader ID, and RSSI
values. At the suggestion of the authors, the new system
not only solved the direct RSSI reading problem; it also

reduced the beacon emitting interval to 2 seconds. Even
better, all tags show very similar behavior.

3.3. Environmental Factors

Since the signal strength may differ at the same or simi-
lar distances between tags and readers when the system
operates in different environments, we need to design ex-
periments that work in different places. To measure the
effectiveness of the tracking positions, we repeat the
LANDMARC approach and gather measurement data from
three quite different environments (Env1, Env2, and Env3)
in our university. Envl (Fig. 1(a)) is a semi-closed area
which is not surrounded by concrete walls and furniture.
Env2 (Fig. 1(b)) is a spacious closed area with not too
many metallic objects near the sensing area. Env3 (Fig.
1(c)) is a typical office of our university which is a small
room with many office desks and chairs. For each locale,
we deploy tags and readers using the same placement
called sensing area in Fig. 1. The distance between two
adjacent tags is one meter. The readers are placed in the
four corners of the sensing area.

Figure 2(a) shows the positions of the 9 tracking tags.
The estimation errors of these tracking tags in Envl and
Env2 are much smaller than that in Env3. The main prob-
lem is the setting of Env3 which is susceptible to reflection
of signals and filled with radio waves of similar wavelength.
In Envl, the electromagnetic wave reflection property ex-
erted a lesser influence hence a better result. In Env2, as the
room size is larger, the concrete walls are further away
from the tags. Therefore, the reflection influence is smaller.

Clearly the estimation error is depending on the location
of the tracking tag. For Tag 1 which is well covered by four
nearby reference tags, the estimation error is almost negli-
gible in Envl and Env2. Those tags in the boundary of the
sensing area are encountered with much larger estimation
errors. This is mainly due to the incomplete coverage of the
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Figure 2: Localization results using the LANDMARC approach

nearby reference tags. Tag 9 has the worst location accu-
racy as it is slightly placed outside the boundary of the edge
reference tags. The boundary problem can be overcome as
we can put a much larger area of reference tags to cover the
intended sensing area. The most important problem is the
inaccuracy caused by a closed and complicate environment
with severe radio signal multi-path effects.

4. The VIRE Approach

The key idea of the proposed VIRE approach is to gain
more accurate positions of tracking objects by filtering out

those unlikely positions without adding extra reference tags.

In this section, we first discuss the relationship between the
RSSI and the estimated position. Then, we describe our
new approach in detail.

One of possible solutions to increase the precision is to
put more reference tags. However, having a dense deploy-
ment of reference tags, the system will be more costly.
More seriously, more reference tags will cause radio signal
interference and affect the reading of RSSI values. Conse-
quently, a bigger-than-estimated error for LANDMARC
will occur. The motivation behind the new method is to
improve the accuracy under the same situation as LAND-
MARC. The new method will generate higher accuracy
without deploying additional reference tags.

The proposed VIRE approach has the following advan-
tages. First, additional readers and tags are not required.
Thus the hardware cost is the same as the LANDMARC
approach. Second, the estimated position of a tracking ob-
ject is more accurate and simple to calculate. Third, the
new approach is more adaptive than LANDMARC in dy-
namic indoor scenarios. Thus, the VIRE approach can be
easily adopted in real environments.

4.1. Interference of RSSI Values due to Excessive
RFID Tags

From our experiments, we observed that the active tags
placed in the same position have similar RSSI values from

a given fixed reader when other environmental factors re-
main unchanged. Thus, when a tag is placed close enough
to another tag whose position is known, their RSSI values
are considered the same. Thus, the concept of reference
tags proposed in LANDMARC is still used in our approach.
An allowable difference of the RSSI values between the
reference tag and tracking tag is defined as a threshold. If
we can obtain the exact RSSI value for every place in the
sensing region, the accurate position of the tracking tag can
be discovered by looking for the same RSSI value. In order
to obtain veracious RSSI values of different positions, we
need to place more reference tags in the sensing area.

Theoretically, tags from different distances to a reader
would give different RSSI values. Figure 3 shows the prac-
tical and the theoretical relationship between the RSSI
value and the distance. For a given distance between the tag
and the reader, the RSSI value is measured 20 times. In Fig.
3, in addition to the mean value, both maximum and mini-
mum values are also shown. As the distance becomes
greater, the change of RSSI values is not as smooth as ex-
pected. The zigzag behavior of RSSI values within prox-
imity of tags does introduce some estimation error.

There are two other factors that influence the RSSI val-
ues of the proximity of tags. First, radio signal interference
may occur when the distribution of tags is too dense. An
interesting phenomenon is discovered during our experi-
ments. When we put active RFID tags in the same position
in sequence independently, the RSSI values of them are
very similar. However, if we put more than 10 reference
tags very closely together, those values become quite dif-
ferent as shown in Fig. 4 with 20 active tags 2 meters away
from the reader. In Fig. 4, the 20 active tags are distinctly
labeled from 1 to 20. When they are placed in sequence,
their RSSI values are about the same. If they are placed
together, the phenomenon of RF interference appears. Fig-
ure 4 also shows one snapshot of the RSSI values of the 20
tags with RF interference. This means that the density of
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the tags cannot be too dense if we want to deploy more
reference tags to increase the location accuracy.

The second factor influencing the RSSI values of tags is
that the surrounding disturbance comes mainly from human
movement across the readers and tags while collecting data.
The RSSI value is stable for a period of time if there is no
moving object in the sensing area. Our experiments show
that a sudden change of the RSSI value occurred when a
person walked through the testing region. This will bring
unexpected results and increases the estimation error. Such
a factor should be avoided or filtered out when designing
the location sensing system.

4.2. Virtual Grid Coordinate Determination

In VIRE, the real reference tags are properly placed to
form a 2D regular grid. Tracking tags can be placed any-
where within the grid. The grid is further divided into a
finer grid based on the concept of virtual reference tags for
the sake of improving precision. Each physical grid cell
covered by 4 real reference tags is further divided into nxn
equal sized virtual grid cells. Each virtual grid cell can be
considered as covered by four virtual reference tags. Since
the coordinates of the four real reference tags are known,
the coordinates of the virtual reference tags can be easily
calculated. The concept of virtual reference tags can in-

crease the accuracy of location estimation without addi-
tional cost and without causing RF interference.

The remaining challenge is to determine the RSSI value
of each virtual reference tag to each reader. Our approach
suggests that the RSSI values of virtual reference tags can
be calculated by the linear interpolation algorithm. The n-1
virtual reference tags are equally placed between two adja-
cent real tags. The total number of reference tags will be
increased to (n+1)*-4 for every physical cell with four real
tags. The RSSI values of those virtual tags can be obtained
by the formulas shown below.

For the horizontal lines, the RSSI values of virtual tags
are interpolated by the formula:

S.(,.,,)=S(T,)
S(T,,)=S(T,,) + px——r———
n+1

_pxSUT, )+ (n+1=-p)xS(T )

a+n,b

n+1
For the vertical lines, the RSSI values of virtual tags are
interpolated by following formula:

Sk (T;.hw) B SA )

S(T)=8,(T ) +qx——=———
n+l1
~ q><Sk(TH,M)+(n+1—q)><Sk(Tuyh)
n+l1

where Si(Ti,;) represents the RSSI value of the virtual
reference tag located at the coordinate (i,j) for the k-th

reader. The values of parameters are a= |i/n]| ,
b:Lj/nJ ,0<p=i mod n<n-1 and 0<¢g=j mod n<n-1

respectively. Assuming there are NxN virtual reference
tags, the complexity of the interpolation algorithm is O(N?).

4.3. Elimination of Unlikely Positions

After the virtual reference grid is established, the RSSI
value of each virtual reference tag can be calculated for
each given reader. The RSSI value of the tracking tag can
also be obtained by each reader. As discussed before, many
places may correspond to a given RSSI value. The posi-
tions which have similar RSSI values are considered as
possible location areas. We introduce the concept called
proximity map which covers the whole sensing area and is
divided into a number of regions, where the center of each
region corresponds to a virtual reference tag. Thus the cor-
responding RSSI value of each region can be obtained.
Each reader will maintain its own proximity map and the
RSSI value of each region in the map can be calculated
based on the RSSI readings of those real reference tags and
be updated if the RSSI reading of a real reference tag is
changed.

When the RSSI value of a tracking tag is obtained, the
reader will mark those regions as ‘1’ (or highlighted) if the
difference of RSSI values between the region and tracking
tag is smaller than a threshold as illustrated in Fig. 5. Sup-
pose there are K readers. Thus, after obtaining K proximity
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maps from the K readers, an intersection function is applied
to indicate the most probable regions from the K readers.
We call this process as elimination as unlikely positions are
eliminated. The threshold is used as an indicator to check
for the existence of nearby tags. Finding an appropriate
threshold is an important design parameter in VIRE. To
reduce the detected area, a reduction of the threshold can
be employed. We use an algorithm to adaptively reduce the
threshold so as to find the minimum possible area. The al-
gorithm works as follows:

1.  For each reader, we choose a threshold based on
getting the largest area in the proximity map as the initial
threshold.

2. Reduce the chosen reader’s threshold step by step
until that particular area is reserved using this threshold.

3. Choose the second largest area reader and repeat
the reduction process.

At the last, the same threshold will be selected. If we
choose an appropriate threshold, the accuracy will improve.
The algorithm will give the smallest area formed by the
smallest threshold available.

The results of the most probable regions are shown as
black regions in Fig. 5. Since the total running time is K>,
the computational complexity of the elimination algorithm
is O(1). When the interpolation and elimination processes
are finished, we can obtain a set of possible positions.

To improve the accuracy of VIRE, we introduce two
weighting factors wj; and w,. The weighting factor wy,
demonstrates the discrepancy of RSSI values between the
selected virtual reference tags and the tracking tag. This
weighting factor is a function which depends on the differ-
ence of RSSI values.

W o= ZK |SA(]:)_S1((R)|
YOS K xS (T)
The weighting factor wy; is a function related to the den-
sity of selected virtual reference tags (or regions). It can

reduce the estimation error, which means the densest area
has the largest weight. For example, four adjacent black

regions in the lower part of Fig. 5 have a larger weight than
the upper part (only two possible regions). We use p; to
denote the ratio of conjunctive possible regions to the
whole sensing area. The factor wy can be obtained as fol-
lows.

P n,

WZi - n, - Z""
i=1 pi i=1 nw

where n,; is the number of conjunctive regions, 7, is the
number of total regions in the whole sensing area. When
we compute the coordinate of a tracking tag, the two
weighting factors should be considered. We suggest an
assorted weight w; as w;=w;; Xw,,. The calculated coordi-
nate is given by

() =" wi(x,,)

Let (xo,yo) denote the actual coordinate of the tracking
tag. To analyze the performance of VIRE, we define the
estimation error e using the following equation:

e=\(x-x ) +(y-1)

5. System Implementation and Experimental
Evaluation

In this section, we present the implementation of the
VIRE approach and evaluate the VIRE approach by meas-
uring different factors which influence the location errors,
such as different testing environments, the density of vir-
tual reference tags, and the threshold. The key metric to
estimate a localization technique is the accuracy of the lo-
cation. We evaluate our new algorithm on a real test-bed
consisting of 16 reference tags and 4 readers. The distance
between two adjacent tags in a row or in a column is 1 me-
ter. The distance between the reader and the nearby edge
tag is also 1 meter.

5.1. Effect of Experimental Environments

With the same three environments as we used in Fig. 1,
we repeat the experiments using the VIRE approach. Figure
6 shows the comparison between the LANDMARC ap-
proach and the VIRE approach for the 9 different locations
of the tracking tags in different environments (Fig. 2). Note
that the scale of Y-axis is different in the three figures in
Fig. 6 in order to show the improvement of VIRE over
LANDMARC. The reduction in estimation error for VIRE
is from 28% to 72% over LANDMARC for all 9 locations
in Env1. For those non-boundary tags (Tag 1 to Tag 5), the
worst estimation error is 0.21m and the average estimation
error is 0.14m. For the case of Env2, the reduction in esti-
mation error for VIRE is from 17% to 69% over LAND-
MARC for all 9 locations. For those non-boundary tags, the
worst estimation error is 0.23m and the average estimation
error is 0.17m. In Env3, the reduction in estimation error
for VIRE is from 27% to 73% over LANDMARC for all 9
locations. The worst estimation error is 0.47m and the av-
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Figure 6: Comparison of VIRE and LANDMARC in three different environments

erage estimation error is 0.29m for those non-boundary
tags. Clearly, the VIRE approach provides a higher degree
of accuracy than that of LANDMARC in all environments
and at all locations.

5.2. Effect of the Density of Virtual Reference Tags

The advantages of using virtual reference tags were dis-
cussed earlier. Here we evaluate the effect of the density of
virtual reference tags on the localization accuracy. In the-
ory, the higher the density of virtual reference tags, the
greater the location sensing precision. Since there is no
additional cost involved in having more virtual reference
tags, how large should the number of virtual reference tags
be? Obviously, the positioning accuracy will not improve
as the number of virtual reference tags is beyond a certain
number.

We use Env3 as an example. Figure 7 illustrates that
there is a tradeoff between the average estimation error of
those non-boundary tags and the number of virtual refer-
ence tags. Let N* be the total number of real and virtual
reference tags. When the value of N? is increased up to 600,
the accuracy does improve sharply. When the value of N* is
between 600 and 900, the improvement is very small.
When the value of N? is greater than 900, no further im-
provement is achieved and the estimation error is about 0.5
meters. In our other experiments, the value of N*=900 is
used.

5.3. The Impact of the Threshold

We must consider choosing an appropriate threshold to
eliminate those unlikely positions as the threshold selection
has a tremendous effect on the performance of VIRE. Ac-
tually, if the threshold is too big, many noisy virtual refer-
ence tags will be selected. Consequently, the average esti-
mation error of VIRE will increase. On the contrary, if the
threshold is too small, the real positions may be swept and
the average error will also increase.

Figure 8 shows the relationship between the average es-
timation error of those non-boundary tags and the threshold
for the case of Env3 with N*=900. When the threshold is

near 1 or 1.5, the estimation error is the lowest.

6. Conclusion and Future Work

This paper presented a novel indoor localization ap-
proach — Virtual Reference elimination (VIRE). Indoor
location sensing using active RFID is cost effective. It pro-
vides highly accurate results. The system, rather than re-
quiring a large number of expensive RF readers, uses
cheaper RF tags. It is effective for locating indoor objects.
Both the LANDMARC and VIRE approaches employ the
idea of having extra fixed reference tags to help location
calibration. The LANDMARC approach uses an algorithm
looking for the 4 nearest tags to calculate the coordinates of
tracking tags. To provide better location sensing results, the
VIRE approach which employs the interpolation and the
elimination algorithm can significantly improve the accu-
racy over the LANDMARC approach without additional
cost. To alleviate the large estimation error for those tags in
the boundary of the sensing area, we recommend putting
more reference tags in a large area to cover the sensing area.
Thus each tracking tag can be well-covered by reference
tags in all surrounding directions. If it is physically infeasi-
ble to put more reference tags beyond the sensing area, it
will be an interesting future study to investigate how to
identify such boundary tags and to compensate their local-
ization accuracy.

Due to the limitation on the number of tags and readers
we have, we are unable to provide a larger scale system
performance study. As the future work, we would like to
build a much larger reference tag array in a much larger
sensing area to study the effects of different grid spacing
distances and the size of boundary regions that should be
avoided. Also if we have more readers, we would like to
study the effects with more reader and the placement of
these readers to the performance of VIRE. More perform-
ance data will be reported when more tags and readers are
acquired.

In VIRE, we calculate the RSSI values of virtual refer-
ence tags using a linear interpolation algorithm. Linear in-
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terpolation is fast and easy. But it is not very precise in
complex situations. Based on the observation mentioned
before, the relationship between the RSSI value and the
distance from a reader to a tag is a polynomial relation. If a
suitable interpolation algorithm is used, the localization
precision could be more accurate. However, polynomial
interpolation also has some disadvantages. Calculating the
interpolating polynomial is relatively very computationally
expensive. Furthermore, polynomial interpolation may not
be so exact after all, especially at the end points [17]. It
may be interesting to study how much accuracy can be fur-
ther achieved by using some novel nonlinear interpolation
algorithms.

The requirement of having a square real grid is not nec-
essary as long as we can systematically partition a real grid
to a much finer virtual grid. For a closed and complex envi-
ronment, we may put real reference tags around those ob-
stacles. Then we can construct a virtual grid for each real
grid cell with different granularity to potentially achieve a
better accuracy. More investigation is underway in this
direction. Further studies are required to consider more
complex dynamic factors such as mobility and unstable
obstacles in some real environments.
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