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Abstract. Surface-embedded passive radio frequency (PRF) extdiondp a
method whereby an action to be executed by a mobile unit éct through a
signal received from a surface-embedded external pas§il tRansponder. This
paper describes how Kepler's hexagonal packing pattersad to embed pas-
sive RFID transponders into a carpet to create PRF surf&eesf-of-concepts
experiments are presented that show how such surfacesanabile robots to
reliably accomplish point-to-point navigation indoordasutdoors. Two greedy
algorithms are presented for automated design of PRF sxfactheoretical ex-
tension of the classic Buffon’s Needle problem from compateal geometry is
presented as a possible way to optimize the packing of Rpgmaders on a
surface.

1 Introduction

A smart environment is a regular everyday environmentatmme, a store, or a com-
munity center, instrumented with embedded sensors and u@mpystems that that
make use of the data they receive from those sensors in aydarpport a quality-
of-life function. The University of Washington Assisted giation Project [17] seeks to
synthesize Al and ubiquitous computing to develop solitiat help people with cog-
nitive limitations. Japan’s Ministry of Land, Infrastruce, and Transport announced its
support for the Autonomous Movement Support Project [18bsehobjective is to em-
bed small electronic sensors into the pavement and stregtifte to supply users with
location-specific information anytime and anywhere. Wiihd Helal [15] propose an
assisted navigation system where an RFID reader is embéuakdeal blind navigator’s
shoe and passive RFID sensors are placed in the floor.

Mobile units that operate in smart environments utilizée&iproprioception(ac-
tion is determined relative to an internal frame of refeerar exteroceptior{action is
determined from a stimulus originating in the environméself). Low power require-
ments, low cost, and ease of installation are among theipahoeasons for a wide
acceptance of RFID as an exteroceptive technology in maplcagion domains [20].
Kantor and Singh use RFID tags for robot localization and pirag{6]. Once the posi-
tions of the RFID tags are known, their system uses timerofad type of information



to estimate the distance from detected tags. Tsukiyamaygldped a navigation sys-
tem for mobile robots using RFID tags under the assumptigredect signal reception
and zero uncertainty. Hahnel et al.[10] developed a praistibirobotic mapping and

localization system to analyze whether RFID can be usedpoawe the localization of

mobile robots in office environments.

Since smart environments are composed of surfaces [168]niatural to pose the
question of how PRF sensors can be embedded into thoseesinfagrder to improve
the point-to-point navigation and localization of mobileits operating in those envi-
ronments. This paper describes how Kepler's hexagonalpggattern is used to em-
bed passive RFID transponders into horizontal surfaceffif-concept experiments
show how such surfaces enable mobile robots to accomplisit-fmpoint navigation
indoors and outdoors. Two greedy algorithms are presemtedutomated design of
PRF surfaces. Simulations show that greed compares fdydmabrute force and hill
climbing. An extension of the classic Buffon's Needle perhlfrom computational ge-
ometry is proposed as a possible way to optimize the pacKiRiRE& transponders on
a surface. An optimal two-column pattern of arranging tpamglers on the edges of a
surface is briefly investigated.

2 TheProblem

A RFID reader reads a RFID transponder, through it antennpotvering it with elec-
tromagnetic waves. A factor that determines whether a tagbearead or not is the
number of electromagnetic lines of force that pass throhgftoil of the antenna. This
is a function of the proximity of the antenna to the tag anaitsntation with respect
to the tag.

Tag collision is another factor. If two tags are near an ameboth may be powered
up and transmit their identification codes simultaneoudlyst readers do not have a
collision avoidance mechanism and as a result no tags adle Teas, the read area of
an antenna is also a function of the proximity of the tags wetpect to each other.

The above considerations lead to the following formulatbthe problem. Given
a mobile device capable of carrying a number of RFID anterwhat type of PRF
surface would be needed for the device to accomplish poipisint navigation tasks
reliably. Furhermore, to what extent does surface-emb@ @i exteroception sim-
plify on-board computational machinery and increase retiogal reliability?

The above considerations lead to the following formulatibthe problem. Given a
mobile unit capable of carrying a number of RFID antennastwype of PRF surface
is needed for the unit to accomplish point-to-point nav@ateliably. The problem can
be motivated through two application scenarios. The firgliagtion is robot-assisted
navigation for the blind and cognitively impaired [14, 12]1Safety is the primary re-
quirement. The robot’s pose must be known with absoluteiteyt to determine the
next navigation action. It is not feasible to assume, as megdly assumed in many
probabilistic approaches [5, 10], that there can be a pefdine when the robot is
not certain about its pose, but can recover from the unegythy navigating the envi-
ronment. To be sure, the environment must be instrumentddRRF surfaces, which



incurs a cost. However, the overall cost is reduced, bectngsen-board navigation
machinery is likely to become simpler.

The second application is rapidly deployable transpantaitnfrastructures for au-
tonomous vehicles. In an urban disaster area, it is critechlve an infrastructure for
evacuating the sick and wounded. Probabilistic approactesbe inappropriate be-
cause of the high cost of calibration: there simply may nosicient time to move
the robot around all intended routes and let it build an adegigensor map. In addi-
tion, other exteroceptive sensors, such as GPS, are higpest in urban canyons and
in areas for which no GPS maps exist. On the other hand, a rnetid®RF surfaces
can be rapidly deployed, manually or through a teleopenaédtle, in order to estab-
lish a temporary transporation infrastructure which, rafe mission is completed, can
be removed and deployed elsewhere. A critical point is thatdost of calibration is
equivalent to the cost of deployment, because no subsefjnemtning is needed.

3 A Solution

3.1 Wherecan atagberead?

As was mentioned above, the area where a tag can be read hyt#mna, calledead
area, depends on the distance between the tag and the antenmaightation of the
antenna with respect to the tag, and the proximity of othgs.tdo get a better under-
standing of a tag’s read area, experiments were performédifodifferent orientations
of the antenna with respect to a single tag at a fixed vertistdugice of 3cm from the
tag.

The RFID tag used in the experiments is the wedge shapedtadsr (RI-TRP-
W9IWK) from Texas Instruments, Inc. The reader used in theergents is the Series
2000 reader (RI-STU-MB2A) from Texas Instruments, Inc.pemtes on 134.2 kHz.
This reader was also chosen due to its small size, ease adtapeand compatibility
with the selected tag type. The antenna used is the SticknAatéRI-ANT-PO2A) from

Texas Instruments, Inc.

Fig. 1. Read Shapes at Four Orientations.

Figure 1 shows the areas (in black) where the tag (desigrmteaircles) can be
read and areas (in white) where the tag cannot be read by thereraised 3cm from



the tag at the following orientations: O degrees (uppe},|&fd degrees (upper right),
180 degrees (bottom left), and 270 degrees (bottom righg.tlack shapes, although
irregular, can be approximated with regular shapes, ergles or squares, which, as
discussed below, bodes well for the automated design of BR&ces.

3.2 PRF Suface

In his bookDe Nive SexanguléOn the Six-Sided Snowflake), Kepler asserted that in
the 3D space, face-centered cubic packing, e.g., appleéroit stand, was the tightest
possible. Approximately 200 years later, Axel Thue provesl ¢onjecture for the 2D
space. Thue's theorem states that no packing of overlagjigtg of equal size in the
plane has denisity higher than that of the hexagonal padk®jy Since the read area
of a tag can be approximated as a disc, Thue’s theorem imitegdépplies.

BUBNE - BHEH

(b) Pattern

Fig. 2. (a) PRF Carpet (b) Hexagonal Packing Pattern.

A total of 280 tags were placed beneath a standard carpetcsyd meters long
and 2 meters wide, in a hexagonal pattern in which each taggcis from its neighbors
shown in Figure 2(b). Figure 2(a) shows a small section ot#rpet surface with em-
bedded tags. The carpet forms its own 2D coordinate systegnesdach tag is mapped
to its x,y coordinates. The distance of 15cm was discovexpdramentally to be the
smallest distance that does not result in overlapping berivilee tag read areas. As the
density of tag packing increases, up to a point, the lodaizaesolution increases but
so does the cost. When the packing of tags becomes too dessg]hcollisions must
be resolved and the localization resolution decreases.

4 Proof-of-Concept Experiments

Figure 3(a) shows the platform used in the first experimemis fiobot has a differential
drive mechanism that allows it to move forward, backward a#f &s turn in place. It
is equipped with two RFID readers and antennas and a mictadlen for interfacing
them with an on-board laptop. The robot was placed on a PRRcgi(2 meters by 4
meters). The navigation task was to patrol the surfacesigpéer. The robot did a total
of five 10 minute patrols without going off the mat or devigtioff the planned paths
that consisted sequences of tag IDs.



(a) Tiger Robot (b) Pioneer 2DX

Fig. 3. (a) Tiger Robot Indoors (b) Pioneer 2DX Outdoors.

In the second experiment, the Pioneer 2DX robotic base frotiviedia Robotics,
Inc. was used. It was also equipped with two RFID readers atehaas. The point
of this experiment was to demonstrate the rapid deploygluifiPRF surfaces. A PRF
surface (0.75 meters by 2.5 meters) on a sidewalk on the Maad@f Utah State
University and had the robot patrol the surface. The robatdiotal of five 10-minute
patrols without going off the surface or deviating from themmed paths.

5 Automated Design of PRF Surfaces

It is desirable to automate the design of PRF surfaces taceedost and improve lo-
calization. Before describing the algorithms for automg®RF suface design, several
assumptions must be explicitly stated.

5.1 Assumptions

The read area area of a tag is assumed to be a circle with a kraalius centered on
the tag. It is also assumed that collision resolution is mailable. Thus, if the readable
areas of two tags intersect, neither tag can be read in that ar

A mobile device operating on an PRF surface is assumed toddixed number
of RFID readers and placed according to a fixed patternflle¢ the number of RFID
readers placed on the unit. The inclusion of each RFID restttmrld increase the prob-
ability of localization as well as the robustness of therendiystem. Let,* denote the
number of available tags anddenote the actual number of tags used. Localization
probability as well as robustness of the system should &serevith an increase in the
number of tags.

Figure 4 shows the surface into which available tags musabkeal. It is discretized
into IV points (shown by blue colored dots) on both sides of the sarf is assumed
that the mobile device can cross the surface only along myktrine (shown by blue
colored lines) connecting any two points on either side efsirface. The device is said
to be moving along a@alid pathwhen it travels along a straight line between any two
of the N points on either side of the surface.

The probability of localizationP, is defined to be the probability of a RFID reader
intersecting the readable area of a tag, when the device vingnalong a valid path.



Let T be the total number of valid paths on the surface. Theas N2. Let S be the
number of paths that intersect with the readable area ofat e tag. TheR = %

5.2 Algorithms

Automated design of PRF surfaces can now be formualted agtamipation problem:
Position a given number of circles on a surface of a given ersach a way that the
circules do not intersect with each other but intersect with maximum number of
valid lines on the surface. By maximizing the number of littest intersect the circles,
the probability of localization is maximized. Four diffetealgorithms were developed
and implemented to solve this problem.

— Brute-Force Algorithm: All feasible packing patterns to position the circles on
the surface are enumerated and the probability of loc#izas computed for each
pattern by dividing the number of lines that intersect with tircles with the total
number of lines on the surface. The pattern that maximizesatalization prob-
ability is chosen. Ties are broken arbitrarily. The alduritis exponential in the
number of tags. Only simluations for surfaces with 2 and 3 @@mpleted. Sim-
ulations for four or more tags were not observed to terminftex several days of
compuation. Even though this algorithm is not practicadaih serve as a baseline
to compare the results of the other algorithms for the caftgooand three tags.

— Static Greed: The maximum number of valid lines intersect the circleshé tir-
cles are placed at line intersections. For example, if onky drcle was available,
it would be placed in the center of the surface to maximizddhalization proba-
bility. Initially, all unique points where the valid linestersect are calculated and
weighed according to the number of lines that pass througyh tirigure 5.2 shows
the unique intersection points (represented by red coldods) along with their
weights for a surface wittv = 3 points andl” = 9 lines. The intersection points
are sorted in descending order of their weights. The citteplaced on the high-
est available intersection point until the available nundfdags is exhaused or it
is no longer possible to place any more circles on the surface

— Dynamic Greed: The static greedy algorithm chooses the weights of the point
(which are computed only once at the start of the algorithertha basis for plac-
ing the next circle and fails to consider that a line may alyebe covered by a
previously placed circle. This problem is rectified throwyimamic recomputation
of the intersection weights each time a circle is placedeftach placement, the
lines that are already covered with circles are taken out.

— Hill-Climbing M ethod: All available circles are thrown randomly on the surface in
such a way that their readable areas do not intersect. Thalbpildy of localization
is computed. A circle is chosen at random and moved in a rardimeation by a
random distance in such a way that the readable areas dotexstant. If the value
increases, the move is accpeted, otherwise it is rejected.

5.3 Simulations

Simulation experiments were performed to compare the ablgegithms. A simulated
surface withV = 15 points was used. The results of the experiments are sunmagdariz



Fig.4. RFID mat with valid paths and intersection points

in Figures 5(a) through 7(b). The blue colored circle repnésthe area where a tag can
be read, green colored lines represent localized pathsezhdalored lines represent
unlocalized paths. The ratio of the number of green colareslto the total number of
lines gives the probability of localization.

The experiments showed that dynamic greed is the best@olafithe four. Even
though the brute-force method gives the provably best t®stiis impractical to use.
Hill-Climbing is better for relatively smaller number ofgs but the results of the dy-
namic greed algorithm are better in real-life situationgresurfaces are more densely
packed.

Table 1. Probability of localization (in %) for different algoritherand number of tags

Number of TagiBrute-ForceGreedyGreedy with Recomputklill Climbing (average
2 63.11 53.77 53.78 58.56
3 78.66 | 69.77 76.89 73.32
4 - 80.44 85.78 84.32
5 - 91.11 94.67 90.56
6 - 95.55 97.33 94.93
7 - 95.55 100 97.58

6 Buffon's Needle Problem Refor mulated

The Buffon’s Needle problem, first posed by the French nésiBuffon in 1733 [1] is
considered to be one of the best known problems in geometapility [3, 4]. Imag-
ine that a needle is dropped at random on the plane markediiyistant parallel lines.
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Let! be the length of the needle and telbe the distance between two consecutive lines.
Buffon considered the case that h. For this case, the probability that the needle cuts
at least one line can be shown to%%‘he The needle can be looked at as animaginary line
connecting two RFID readers placed on the robot. As the fpppt@imation, the tag
placement pattern can be a chessboard. The Buffon’s Neealidem is reformulated
as follows. A needle is dropped at random on a chessboardt /e probability that
the needle’s two endpoints are in two cells of the same cdlorihterested reader is
referred to [2] for the exact derivation of the formula. Antiopal placement of RFID
readers for a given robot is now chosen by maximizing the @odity that at least two
readers get valid readings.

Similar probability-theoretic formulations can be madeowther placement pat-
terns so long as each cell in the pattern is approximatedanktiown geometric shape:
a circle, a triangle, an oval, etc. The quantificatiteast two readerm the optimiza-
tion criterion should also be noted. There is nothing thavents a robot to have more
than two RFID readers. The practical considerations of aast power consumption
will act as the reality induced bounds on the probabilitgetretic arguments.

7 Conclusions

In surface-embedded PRF exterocpetion, the cost of ctfibrés equivalent to the
cost of deploying the PRF surface. Kepler's hexagonal peacgattern can be used to
embed passive RFID transponders into horizontal surfdemf-of-concept experi-
ments show that such surfaces enable mobile robots to adisbrppint-to-point navi-
gation indoors and outdoors. Simulations show that dyngngied compares favorably
to brute force and hill climbing. The classic Buffon’s Neediroblem from computa-
tional geometry can be extended to create a feasible ogiioiz pattern for packing
PRF transponders into horizontal surfaces as long as thspioaders’ read areas can
be respresented as circles with known radii. An optimal bwh+mn pattern of arrang-
ing transponders on the edges of a surface occurs when teeamltimn is vertically
shifted with respect to the inner column so that the horiablitie through each circle
center in one column runs through the midpoint of two contegugircle centers in the
other column.
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