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Abstract—Experts predict the number of devices connected to
Internet of Things will reach 50 billion in 2020. In this pa- per,
we apply the concept of IoT to the airport management industry
and investigate the utilization of RFID technology to enhance
airport mobility and security. We propose a system to track
passengers inside an airport terminal and focus on the
optimization of its architecture. To that end, we develop a
simulation model incorporating the most important parts of the
system, including: An airport model based on Chicago O’Hare
International Airport, a passenger trajectory model, a link
budget model, a coverage model, a reader placement algorithm, a
communication protocol and the limitations of available RFID
technology and regulations.

Next, we identify a set of architectural decisions, such as the
physical limits of the system or the specific technology to be
deployed, and develop performance and cost metrics to compare
the plausible architectures. Then, based on the developed model
and the metrics space, we present the architectural tradespace of
the system and analyze the impact each decision has in order to
optimize the architecture. Finally, we assess the viability
of the chosen architecture in terms of coverage and tracking
performance.

TABLE OF CONTENTS

1. INTRODUCTION .......oooiiiiiiieieieeeeeeeeceeee e 1
2. RFID AS CONCEPT ..o 2
3. AIRPORT IMODEL..........cooooiiiieeieeeeeeeeeeeeeeeee e 2
4. COMMUNICATIONS MODEL .........cccocoooveeieieeeeeeeereeniens 5
5. ANALYSIS ...........
6. CONCLUSIONS...........ooooomieeeceeieee s raenaeon 13
REFERENCES ..........cocooiiiiiiiiiieeeeeeeeeee e enaen 14
BIOGRAPHY ..........ooooiiieeeeceeceeeeeeee e 16
1. INTRODUCTION
Motivation

During this century, advancements in technology for storing,
processing and transmitting data have led to the creation of new
connectivity concepts such as Internet of Things (IoT). IoT is
the creation of a digital replica from a physical object that
provides real-time information about the state of the object.
Given this simple but powerful concept, itis not surprisingthat
numerousindustrieshaveincludedloTintheir workplans[1].

The aerospace sector is no exception to the adoption of [oT; in
fact, the term Internet of Aerospace Things (I0AT) has

recentlybecomepopular. [oATaimstoenhanceconnectivity in
the aerospace domainto create areal-time feedback and control
loop between systems and agents. Within the [oAT domain,
this paper focuses on a system to track passengers inside an
airport terminal by means of Radio Frequency Identification
(RFID).

An airport terminal is an environment where different agents
coincide: Passengers, airport authority, pilots, crew, terminal
workers, etc. Although each presents a different objective,
two main goals stand out: Mobility and security. Regarding
the former, passengers value short travel times and short
queues at check-in counters, security points or boarding gates.
At the same time, the airport authority is responsible for
ensuringall the activity attheterminal is carried out securely.

Although there have been efforts to improve mobility and
security in airport terminals, current solutions target specific
locations (e.g. check-in counter, security gates). For instance,
References [2] and [3] present models to optimize passenger
queues and enhance airport security-checking technology. In
contrast, we propose using RFID for crowd
management

[4] in large areas of the airport that comprise several of the key
spotsorlocations ofinterest. Inthatsense, tracking passengers
would provide real-time information to be used forwaitingtime
estimation, service optimization and security management.
This, in turn, would allow passengers to get recommendations
onfastestroutesorshortestqueues,aswell as letairport authority
have data on passenger density at critical spots, so security
agentscouldbeallocatedefficiently.

ResearchGoals

Themainobjectivesaddressedbythispaperare:

1. Developmentofanairportmodelservingasthecontextofthe
system.

2. Determination of the set of feasible architectures and its
RFID communications model.

3. Development of performance and cost metrics as archi-
tectural assessment criteria and posterior exploration of the
architectural tradespace.

4. Optimization of the architecture of the system based on the
impactofthearchitectural decisions.

Literature Review

Tracking people is a problem that has been extensively cov-
ered in the literature using different technologies such as
LIDAR [5], RADAR [6], WiFi devices [7], and Computer
Vision [8]. Tracking by means of passive RFID tags has also
been a topic of research for trajectory analysis [9], information
gathering [10], and peoplelocalization[11].
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Although previous research has focused on a wide variety of
environments, some studies also consider the use of RFID
systems for tracking passengers inside airports. In [12], an
RFID-based tracking system for airport security is presented,
focusing on the software and hardware architecture of the Tag-
Reader communication. This paper also explores how the
different tag technologies affect the communication and
assesses its operation under real airport conditions (at Athens
International Airport). Their research demonstrated that it is
feasible to use RFID tags attached to passengers’ luggage to
track them within the airport.

In [13], a patent, the applicability and advantages of using an
RFID system for tracking passengers inside an airport are
discussed. Without providing details on specific RFID
technology or implementation, it proposes this method for
solving some problems onmobility and security.

Finally, in[14]an RFID model designed to be used in airports for
security and efficiency is presented. The work considers a
cellular network of passive RFID receivers and far-field active
RFIDtags. Italsoconsidersthe communication problems that
may arise such as non line-of-sight conditions or multi- path
fading.

PaperStructure

Theremainder of this paper is structured as follows: Insection
2 we start with a brief introduction to RFID, high- lighting the
specific features of the proposed system. Section 3 focuses on
the modeling of the airport environment i.e., the terminal and
the passengers, which serve as the shared contextofthedifferent
system architectures. Next, in Section 4 we model the system,
addressing the elements that draw its architectural
differences. Section 5 is devoted to the description of the
architectural decisions, the metrics adopted to evaluate the
impact of each decision, and the tradespace exploration for all
the considered architectures. Finally, the paper concludes
with a summary of results and a discussion of lines of future
work.

2. RFID As CONCEPT
RFIDTechnology

RFID is an automatic identification procedure based on using
electromagnetic waves for power supply and data-exchange
with a data-storing device [15]. The basic RFID commu-
nication system has three different elements: A reader,a tag,
and a wireless channel serving as the communication medium.

Tags are usually attached to objects and, if within the reader’s
range, they can be detected and identified. We choose passive
RFID tags for this study, as their batteryless architecture makes
themideal for large-scale deployments.

Regarding RFID readers, as in previous research studies
[16][17], we focus on EPC Class-1 Generation-2 protocols
(C1G2). According to C1G2 and US FCC regulations, RFID
readers are only allowed to use fifty 500 kHz channels in the
Ultra High Frequency (UHF) 902-928 MHz band. Further-
more, the maximum transmit power by an RFID reader is 1 W
and the maximum antenna gain for the reader is limited to 6
dBi, resulting in a maximum total Effective Isotropic Radiated
Power (EIRP) of4W.

Readers and tags are connected to each other through a wireless
channel. In that sense, we consider far-field RFID
communications, in which the effective range is in the order
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of 10 meters [18]. Given the large number of readers that can
be collocated inside a terminal (also known as Dense Reader
Environment), and to avoid collisions when multiple tags are in
range and try to communicate with the same reader, Medium
Access Control (MAC) protocols are defined. The most used
protocol in RFID communication is Slotted ALOHA, a time-
based protocolinwhich slotallocation is carried outrandomly.

RFIDasaConceptforTrackinginAirports

TheideaofloTusually entailsthemanagementand process- ing
of large amounts of data. Many Big Data applications rely on
broad wireless sensor networks to provide useful information.
In our case, the proposed concept addresses the passengers as
the sensor network while a central processing unit gathers the
information and processes it so feedback on passenger mobility
andairportsecurity canbe obtained.

To that end, RFID readers are placed through an airport
terminal while passengers are given an RFID tag, which
enables their tracking. As passengers move, the readers
identify the tags continuously and send the information to a
central database where data is processed to understand the state
ofthe terminal. Then, this data is provided to both passengers
and TSA to improve mobility and security.

We identify other devices, such as mobile phones, on which the
proposed system could alsorely. However, although coverage
may extend, exclusively depending on these con- nections
provides a “tracking switch” to all passengers, thus openingthe
doortoaperformancedecreaseductothemanual deactivation —
because of various reasons — of part of the sensors. Incontrast,
RFID tags will always transmit as long as they are reached by a
reader.

IntroductiontotheModel

The crowded environment at an airport as well as the high
reader density of the system entail an extensive space of
possible architectures. Given the laboriousness of analyzing
and synthesizing all potential architectures, we define the
plausible architectures as a set of separated architectural
decisions[19].

These decisions respond to different questions that need to be
answered before the implementation of the system in a real
terminal: Which passengers should it track? Where does the
system start and finish the tracking? Which specific RFID
technology shall we consider? Is it necessary to fix particular
protocols? Howmanyreadersshouldweplace? Howshould we
distribute them?

Tobeabletooptimizethearchitecture withthebestoptionforeach
of the decisions, in the following sections we develop a
simulation model combining all the elements of the RFID
system, as well as the terminal in which it operates and the
passengers that have to be tracked. To support the model
disclosure, Figure 1 shows its diagram with the different
subpartsand how these interact with each other.

3. AIRPORT MODEL

The first step in the development of the model is the creation of
thesystem’scontext—thepartthatallarchitecturesshare— which
istheairportterminal itself. This means simulating not only the
physical space of the terminal but also the passengers and their
trajectories through it.
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Terminal simulators have already been described in literature
with the aim of providing insightful information for facility
design [20] or optimizing passenger flow [21]. Inour case, we
want to simulate the airport and then simulate an RFID
communication system on top of it, thus differing from airport
simulators’ usual goals.

To begin with, we focus just on airport passenger buildings, as
neither plane runways nor other locations such as the car rental
areawillbepopulatedwithRFIDreaders. Apassenger buildingis
a 3D environment but passengers walk across 2D planes;
therefore we model the buildings as flat surfaces, following the
same conceptofotherairport simulators [22].

Motivated by the amount of data available from the airport, we
choose to model the Terminal 3 at Chicago O’Hare
International Airport (ORD). Four of the nine concourses the
airport are located in Terminal 3, which hosts domestic flights
fromseveralwell-knownairlines. Figure 2 showsthemapofthe
chosenbuilding.

Tomodelthelayoutoftheterminalasaflatsurface weregard the
map as a discrete domain consisting of tiles, and assign each of
these tiles a different number depending on whether they are
walking areas, obstacles orouterregions. Therefore, we define
theterminal T as

T =(ty)€R™~" 1)

Wesetmandntobe 1200and 1450, respectively. Thisway, each
tile has a real size of 0.38 meters, half the human average stride
length [23]. With this value we achieve the necessary
granularity to differentiate the RFID coverage of the different
architectures.

Next,wedefinealocationasasiteattheairportthatispartofa
passengers’ trajectory andbelongstoacertainclass, suchas
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Figure2. MapoftheTerminal3atChicagoO’HareInternational

Airport.

entrances, check-in counters, security points or gates. Then, a
singlelocation /k isdefined asthe tuple

Ix=(ix, jk, ck), 2

where ik and jk are the coordinates of the location’s tile in
T and ck isitsclass. A location occupies exactly onetile.

In Figure 3, the Terminal 3 of O’Hare airport is presented
following the modeling described in this section. Black areas
correspond to the outer regions of the terminal, white areas
represent walking areas, and finally gray areas model obstacles
inthe terminal. These obstacles may be closed spaces, such as
shops or restaurants, or restricted walking areas, such as
security control points.

Colored dots in Figure 3 represent the position of each loca-
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Figure3. ModeloftheTerminal3atChicagoO’Hare
International Airport.

tion k. Thirteen red dots represent the different entrances;
check-in counters are showed as twenty-eight blue dots; ten
green dots indicate various security control points; seventy-
eight yellow dots represent the gates of the terminal; and finally
a single purple dot models the exit of the terminal for arriving
passengers, which leads them to the baggage claim area and
exit.

Passengers

Modeling of human walking has already been studied for
numerous purposes and applications [24][25][26]. However,
current walking models present such a high level of detail and
complexity that using them to create more than 100,000
passengers who are walking distances over 300 meters would
take an excessive amount of time and computing resources. To
alleviate this constraint, we create a simpler long-distance
walking heuristic able to handle scalability issues.

Asin[27],wemodeltrajectoriesasasuccessionoflocations /1,
Ik in the form of way points, each of which represents a way
point that the passenger must go through before com- pleting
the entire journey (recall here the distinction between location
and file). For instance, departing passengers that enter the
terminal for the first time may first head to the check-in counter,
then walk towards the security point and finally reach the
corresponding gate. Formally, we define a passenger
trajectory PT;as set of steps sik

PTi=(si1,S2,"* =, Sik) ?3)

where eachstepsik isdefined by its coordinates
sik = (i, jix) “)

While reaching each location, passengers are only able to walk
through walking areas, and can not cross obstacles or move
outside ofthe terminal. Itisalso obvious thatno passenger can
movetoanytile thatisnotadjacentto his/her currenttile.

Next, we present Algorithm 1 as our approach to computing a
human-walking trajectory in the terminal context.

Each passenger has a set of predefined locations, which is
representedbythelocationsarray. Foreachtypeoflocation, the
passenger is assigned one instance randomly. At the
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Algorithm1compute trajectory
1: procedureCOMPUTETRAJECTORY

2: next _loc « 1

3: step < 0

4: target < locations[nextloc] 5:
whilenotreached final()do 6:

make_next_step (target)

7: step<step+1

8: ifposition==targetthen

9: ifnextloc+1 <length(locations)then

10: next Joc < next loc+1

11: target < locations[next loc]

12: ifstep >threshold then

13: break ()

beginning of the trajectory, the passenger is placed at the first
location in locations and sets his/her target on the second
location of the array. While the target is not reached, the
passenger will keep walking. Once he/she arrives at the target,
the algorithm will provide the passenger with a new targetuntil
the final location is reached. Finally, the algorithm has a break
statementinordertopreventthesimulationfrom getting stuck in
the creation of a single trajectory should the proposed heuristic
fail.

In real terminals, passengers mostly carry out non-optimal
trajectories, as they may deviate to other places, such as shops,
restaurants and restrooms. Therefore, we model the make
nextstep statementas arandom variable thatallows passengers
to also take non-optimal directions. So, given the result of a
randomvariable,apassengercanmakethreetypes of step:

- Optimal: The passenger makes the step that gets him/her
closerto thetarget following the A* algorithm [28].

- Logical: The passenger makes a random step but, if the
passenger is positioned next to an obstacle or wall, the al-
gorithmwillsubstantiallyincreasetheprobabilityofwalking ina
direction that makes the passenger head away from that
obstacle orwall, as peoplein airports donot tend to walk next to
walls.

- Random: The passenger takes a complete random step in a
direction withnoobstacles.

Once the model chooses the direction in which a passenger has
to walk, this passenger walks more than one step in that
direction. Figure4 shows an example ofa trajectory created by
themodel.

In addition to creating the passengers in the spatial domain, it is
necessary to place them in the temporal domain. To modelthe
time passengers stay inside the terminal, we have to consider
departing and arriving passengers separately. On the one hand,
departing passengers usually arrive more than an hour before
the flight and have to spend time waiting to board. On the other
hand, arriving passengers enter the terminal the moment they
walk through the boarding gate and do not stop until they reach
thebaggage claimarea or the exit.

Unfortunately, we lack real data on the temporal behaviour of
passengers and can not model this feature as accurately as we
would like to. However, we can base our approach on
Reference[29]. Inthatsense, wedevelop twoheuristics, one for
each travel direction—departure and arrival —by which wetryto
model how different passengers from the same flight have
differentarrivaltimes. Forthedepartingcase,wedefine
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Figure4. Exampleofapassenger’strajectorycreatedby the
model.

the time spentinside theterminal t:, as

t:, =walking time+teariy+tp,, ©)

wheretearly capturesthetimeapassengerhastowaitbecause of
the early arrival at the airport and is defined as tearyy «-

N(2500s, 500s); and tp, represents the time a passenger
spends waiting from the moment the boarding starts until

she/he boards, modeled asty, < N(O, 240s).

Incontrast, theheuristic developed forthe arriving caseis
much simpler. The time spent inside the terminal for the

arriving passengerst:, isdefinedas

t, =walking time+tp,, ©)

where tp, represents the different times passengers disembark
fromthe plane and therefore walk through the boarding gates. It
is defined as tp, <- [N (0, 200s)/, given that
arriving

passengers spend less time queuing than departing ones, asno
ticketcheckingisneeded.

4. COMMUNICATIONS MODEL

In the literature we find studies that involve the creation of
RFID simulators. Two good examplesare: RFIDSim[30], a
physicalandlogical layer engine for passive RFID simula- tion;
and the PARIS Simulation Framework [31], an RFID
simulation environment that focuses on the physical layer,
particularly the UHF communication channel. Unfortunately,
both models are computationally intensive and would require
large resources to apply directly into our airport simulation
environment. Therefore, we have created a new RFID model
focusing on ascaled version of current simulators in ex- change
oflevel ofdetail.

For the purposes of this study, the communications model has
been divided into two major parts: Computing the antenna lo-
cations withinthe terminal, and quantifying the performance of
the system vis-a-vis the MAC protocol. For the former, we first
needtocomputetheeffectiverange ofany givenreader.
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Therefore, we utilize the link budget equation to compute the
maximum distance that can separate atagand areader given the
reader’s antenna technology its sectorization pattern. On the
otherhand,amodelfortheSlotted ALOHAprotocolused inRFID
systemsisutilizedtoquantify thepercentageoftags detected per
reader as afunction ofthe number oftagsinareader’s vicinity.

LinkBudget

Two communication links are established through the wire-
less channel: A downlink in which the reader transmits a
modulated RF signal to the tag, and an uplink in which the tag’s
integrated circuit (IC) varies the input impedance and responds
using abackscattering mechanism [32]. Reference

[33] demonstrates that the downlink is more restrictive than the
uplink as the power sensitivity threshold of the tag is lower than
thatofthereader.

The equation expressing the power P+ received by the tag in the
downlink communication canbe expressed as[33]

Prt =PtrGtrPLgriXT, (7)

where PGt is thereader transmitted EIRP, grtis the gain of the
tag’s receiver antenna, x is the polarization matching co-
efficient, and t is the impedance match between the antenna
and the RFID chip. P. represents path loss, which strongly
depends on the propagation environment. In that sense, if we
consider the Free Space Propagation Model, then the path

losswouldbeexpressedas[34]

v . &)
Pi= A (8)
¢ 4nd 7

whereAisthe signal’s wavelength, and dis the distance be-
tweenthereaderandthetag. Asairportsareenclosedspaces,
we couldalso considerthe Indoor Large Scale Propagation
Model,inwhich case the equation for pathlossis [34]

VAR 2

P (d)=P (d)+l0nlog ¢ +x (dBW), (9

L L [
0 do

where do is an arbitrary reference distance, Pi(do) is the free
space path loss for distance do, n is the path loss exponent, and
Xo is a zero mean Gaussian random variable that models
environmental factors such as tag obstruction or multipath
propagation.

Equation 7 constitutes the link budget equation of the model,
which allows us to compute the maximum distance between
reader and tag such that the latter receives enough power to
operate. Tothatend, we make the following assumptions:

- The received power Pr has to equal the power sensitivity of
thetag, Prt=5t.

- The power transmitted by the reader, is limited to 4W
according the regulations presented in Section 2. Therefore,
PtrGer=4W.

- Weassumethegainofthetag’sreceiverantennaisequalto one,
sogrt=0dB.

- We assume a circular polarized reader antenna and a lin-
earlypolarizedtag;thenthesensitivitytopolarizationcanbe
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ignoredbutanadditional3dBlosshastobeconsidered[33].
Therefore, y (dB)=—3dB.

- Wemaketheassumptionthattherearenolossesduetothe
impedancematch,t =1.

- Weneglectthe large-scale and small-scale fading model-
ing, asthey are too complex for the scope of this paper.

- We assume the collocation of readers at admissible alti-
tudes and therefore model 2D RFID communications.

Next, we consider the two aforementioned propagation mod-
els: Thefree-space wirelesschannel pathloss, in Equation §;
and the indoor large scale propagation wireless channel
model,inEquation9,inwhichwesetthearbitrarydistance doto
beonemeter, considerapathlossexponentn =2 orn=3and
neglect the Gaussian random variable, Xo = 0. Finally, to
fully specify the link budget equation, we still haveto define
the tag’s power sensitivity S, which primarily depends on its
IC. In that sense, we consider and compare three different
models:  Higgs-3, Higgs-4 and Higgs-EC, whose
sensitivity is -20 dBm, -20.5 dBm and -22.5 dBm,
respectively.

In Table 1 we present the maximum reading distances ob-
tained when applying Equation 7. In all cases the carrier
frequencyissetto915 MHz.

Tablel. MaximumreadingdistancesforeachtaglCand
wireless propagation model

TaglC Propagation Model
Free-space | ILS,n=2 ILS,n=3
Higgs-3 11.65m 11.65m 5.88m
Higgs-4 12.35m 12.35m 6.11m
Higgs-EC 15.54m 15.54m 7.13m

Thefirsttwomodelsprovidesameresults. Thisisbecause the
indoor large scale model turns into the free-space model when
n=2. Incontrast, whenusingtheindoorlargescale modelwith
n = 3 we obtain significantly lower values for the maximum
operationdistance. Finally,giventhatthevaluesobtained with
n = 2aremore consistent with theresults in[12],weassume
thatthe Free Space Propagation Model provides a sufficient
approximationforthepurposesofthispaper.

SectorizationandCoverage

The idea of covering the terminal inevitably comes hand-  in-
hand with the concept of sectorization. As in cellular
networks, we wish to divide the terminal in regions in which
omnidirectional coverage is achieved. Although RFID omni-
directional antennas are being studied in the literature (see, for
instance, [35], [36]), commercial RFID antennas mostly
presentadirectional gainprofile. Therefore, wesectorize each
reader with multiple (three or four) RFID directional antennas
in order to approximately obtain an omnidirectional radiation
pattern. In particular, our calculations are based on the ALR-
F800 reader together with the ALR-A0501 antenna [37]. This
antenna, whose radiation plot is showed in Figure 5, stands
out for its lower directionality as compared to

other available models (note that the 3dB beamwidth of this
antennaisapproximately 105°).

Figure 6 and Figure 7 show the approximate radiation plots that
would result from connecting three and four ALR-A0501
antennas to an ALR-F800 reader. Note that the resulting ra-
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diationpatternsarenotperfectlyomnidirectional. Therefore, we
proceed by estimating the gain loss AG:in the reader’s antenna
that results from pointing in a non-optimal direction of the
radiationpattern. Inthatsense, ourconservative criteria selects a
gain loss such that 90% of the azimuth plane sees a gain Gr =
Gt,max— AGt.

For the three antennas case, we note that the 3 dB beamwidth of
the three antenna configuration covers almost the 90% of the
azimuth plane, so we consider the range of the omnidi-
rectional coverage as the maximum range with an extra 3 dB
penalization. On the other hand, for the four antennas case,
approximatelythe90%oftheazimuthplaneiscoveredbythe

1.5 dB beamwidth. So, we penalize the link budget equation
with an extra 1.5 dB loss, as it is the difference between the
maximum gain oftheantennaand the gainat45deg.

In Table 2 we show the resulting coverage ranges for each of
the previously mentioned ICs depending on the number of
antennas connected to the same reader. We observe that, in
general, connecting four instead of three antennas results in a
range improvement ofapproximately 1.5 to 2 meters.

Table2. CoveragerangesforeachtaglCgivenanumber

of connected antennas
TaglC Numberofantennas
Three(3dBloss) Four(1.5dBloss)
Higgs-3 8.25m 9.81m
Higgs-4 8.74m 10.39m
Higgs-EC 11.00m 13.08m

ReaderPlacementand ChannelAllocation

Once we have quantified the range of coverage for a single
reader, we are now ready to discuss the placement of the readers
within the terminal. For instance, in Figure 8 we present an
illustrative example of reader placement where the radius of
each circle is equal to the maximum coverage range, and its
color represents the UHF channel used for communicating
with the tags. Note that both the placement of the readers and
the channelassignments are, in this figure, completely random,
butwillneed tobe optimized in our model.

The antenna placement and channel allocation problem can be
summarized as follows: Given a fixed number of readers witha
pre-specifiedrange,afixednumberofchannels within the UHF
band, and a certain area to cover within a terminal, we seek to
maximize the percentage of area covered by at least one while
minimizing the number of necessary readers andavoidingintra
orinterchannelinterference. Thisproblem isaclear example of
the Antenna Placement Problem (APP), asubtype of “covering
problem” [38] which has already been addressed for the RFID
case [39]. In other words, the APP poses the question of how
many and where we should place different base stations givena
setof candidate points and a setof constraints.

The most common solution to the problem is based on genetic
algorithms, a type of optimization algorithm inspired by
natural selection [40]. The application of genetic algorithms to
solve the APP has already been studied in literature
[41]. Unfortunately, when the number of candidate points
increases, genetic algorithms require increasing amounts of
time to converge to the optimal solution. Inour case, where we
have more than a thousand candidate points, and more
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FigureS. ALR-A0501antenna
radiation plot.

Figure8. Illustrativeexampleofasimpleplacementof
RFIDreaders within the modeled terminal.

than a hundred architectures, each with its own APP, the use
of genetic algorithms is not possible due to excessive
computational burden. Instead, we develop a suboptimal
heuristic placement algorithm shared across all architectures
that satisfies the channel interference restrictions while being
computationally inexpensive.

To develop this heuristic, we start by considering Reference
[17], where a study on the minimum distances between RFID
readers to avoid interference is presented. Table 3 shows the
results of this study and considers both the relative position
of antenna pairs and their degree of channel adjacency (e.g.

if channel adjanceny is zero, then both readers are using the
exact same frequencies to transmit). Although these distances
may vary with the technology, we can notionally see how far
apart two readers with the same channel allocation need to be
assuming adirectional antenna.

Instead of introducing these distances as restrictions in our
heuristic, our heuristic algorithm tries to cover the terminal,
given the range of a reader and a separation parameter, while
minimizing the amount of overlap between reader coverage
areas. The algorithm works as follows:

1. The algorithm is given the coverage radius and the hori-
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Figure6. ThreeALR-A0501antennas
radiation plot.
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Table3. Safedistancefordifferentantenna

configurations [17]
Channel | AntennaofDefaultConfiguration
Adjacency | Front(m) | Side(m) | Back(m)
0 1400 350 210
1 180 45 30
2 130 25 15
3 95 20 10

zontalseparationbetweenreadersasinputs.

2. Ititerates through all the tiles of T, from left to right and from
top tobottom.

3. Ifatilet;; isempty,itplacesarcaderthereand movesto tile
ti j+separation to continue with the placement.

4. When the algorithm reaches the end of row i, if it has
placed any reader in that row, jumps to row i + radius, i +1
otherwise.

5. The algorithm finishes as soon as it reaches the bottom-left
cornerofthe terminal.

Oncetheplacementforallreaderswithintheairportterminal has
been obtained, we proceed to allocate UHF channels to eachof
them. Inthatsense, weuse Algorithm2 asaheuristic approachto
assignnon-adjacentchannelstocontiguousread- erssuchthatthe
channelinterferenceisminimized. Notethat Algorithm 2 canbe
interpreted as a Depth-First-Search (DFS) throughthetree ofall
possiblechannelassignmentsgiventhereaders and its locations.

Algorithm2 ObtainChannel Allocation

1: procedure ITERATE _READERS(r array, i)
2 ifi==length(r array)then
3 return True

4 else

5: forc € [1,50]do
6.

e

8

9

ifcheck_channels(r array, i, c)then
rarraylil.channel«<c
ifiterate readers(r array, i+1)then
: returnTrue
10: r_arraylil.channel « —1
11: return False
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At each step of Algorithm 2, we iterate over all readers in the
terminal, allocate a new channel to one of them and then check
the viability of the resulting allocation. If a new reader can not
communicate through any channel without causing
interference, the algorithm changes the channel allocation  of
the previous readers, until it reaches convergence. To check
the viability of the placement at each step we develop
Algorithm3.

Algorithm3 CheckChannelInterference

1: procedure CHECK _CHANNELS(r array, i, c)

2 forrerarray[:i—1]do

3 ifcheck_line_of _sight(r _arrayli], r) then
4: dist < get distance(r arrayli], r)

5: channeldiff «<abs(c—r.channel)

6: ifchannel diff ==0 & dist < 1400 then
7 returnFalse

8: ifchannel_diff ==1 & dist < 180then
9: returnFalse

10: ifchannel_diff ==2 & dist <130then
11: returnFalse

12: ifchannel_diff ==3 & dist < 95then
13: return Trud eturnn False

Thealgorithm focuses onreaderjand iterates overallthe other
readers which a channel has been already assigned to
each. First, it checks whether reader/ has direct line of
sight (LOS) with each of the other readers. We not only
consider as LOS a clear path between readers but we also,
trying to be conservative, allow an obstacle as thick as 8 meters.
So, ifareader is in LOS with reader i, we compute the distance
between readers and the distance between the readers’ assigned
channels. Wethencomparebothmeasures withthe interference-
safevaluesfromTable3,assumingboth
readershaveface-to-faceantennasandthereforeconsidering the
mostrestricted case, being the Front Configuration.

To obtain the minimum distance we evaluate different separa-
tions in terms of the coverage radius. We find this minimum
distance corresponds to 2.5 times the radius. This does not
meanwemustchoosethisvaluebutthatnodistanceweselect can
be smallerthan2.5 times theradius.

MediumAccess Channel Protocol

As mentioned in Section 2, Slotted ALOHA is the most used
protocol in RFID systems and therefore we choose it for the
simulation of our system. The protocol works as follows:

- Thereisareaderandasetofnunidentified tags.

- Thereader starts the communication process by providing N
time slots and starting an identification cycle that broad- casts

toalltagsinrange.

- ThetagsreceivethenumberofslotsN andrandomlyselect one

tocommunicate theirIDs back to the reader.

- Thereaderreceivessomeslotsempty,otherswithonetag’s ID,

andtherestare corrupted duetodatacollisions fromtwo or more
tags.

- Thereader triggers more cycles until it completes the full set
ofcycles. Onceatagisidentified forthe first time, it will remain
identified during the following cycles for the rest of the set of
cycles.

- yOrlcethereaderﬁnisheswiththeidentiﬁcationprocess,all

tags gounidentified again and thereaderhastorestartthe
completesetofcycles.

Several Slotted ALOHA protocols applicable to RFID sys-
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tems have been presented in the literature. One of the simplest
algorithms is the Basic Framed Slotted ALOHA (BFSA)
algorithm, which although easy to implement, causes ineffi-
ciencieswhenselectingoptimalslotframesizes[42]. In[43], the
Dynamic Framed Slotted ALOHA (DFSA) is presented, and
its Advanced (AFSA) version is introduced too. Both
algorithms try to estimate the number of tags present in the area
before deciding the frame size. Finally, in [42] the Enhanced
Dynamic Framed Slotted ALOHA (EDFSA) is presentedandis
shown to notably outperform BFSA in terms of frame size
efficiency. When the number of tags exceeds 500, we can also
appreciate how EDFSA provides a more slot-efficient
approach than DFSA. Given the scope of our problem, where it
is unlikely to have more than 500 tags per reader, we select the
DFSA/AFSA algorithm as the baseline protocol for the MAC
functionality.

Following the work in [43], we start by introducing some
mathematical preliminaries. Given a reader R, which pro-
vides N slots to the set of n tags that it covers, the number r
of tags in one slot —called occupancy number— follows a
binomial distribution with parametersnand ! A

Bn,l(r)= —
N

ApplyingEquation10toallN slots,theexpectedvalueofthe
numberofslotswithoccupancynumberrisgivenbya™”
[43]:

N,n
a, =NB, 1{r)=N

vV &/ &V &, .
n 1 1

— 1— — (11

N N

DFSA algorithm estimates the number of tags present in the
reader’s radius before selecting an optimal frame size. To that
end, the reader first provides a frame size of N slots. The
received frame, resulting from a tag-reading cycle, can be
viewed as the tuple (co, c1, ¢c), in which each number quantifies
the number of empty slots, slots filled with exactly one tag and
slots with collisions.

Giventhesethreenumberswecanestimatealowerboundfor the
numberoftagsn[43]:

ei(N,co,c1,ck) = c1+ 2ck

(12)

This expression meets the requirement that there can notbe less
tagsthanthenumberofslotsfilled withonetagplustwo timesthe
number of slotsin whichacollision has taken place. A collision
requires a minimum of two tags filling the same slot in order to
occur, thatiswhy cx ismultiplied by two.

Oncethereaderknowsalowerbound forthenumberoftags
n,itcancompute amoreaccurate estimation [43]:

(@) N,n 1 1
alo\l,n C
evd(N,co,c1,ck)= min @al A_ ¢ (13)
n N,n Ck
azz
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The reader looks for the value for n that minimizes the error
between the expected numbers of slots filled with zero, one or
two or more tags, given by Equation 11, and the actual
quantitiesobservedineachcase. Weupdatethesizeofthe slot
frame accordingly to N =bn - ec + 1. The reason of this
numberisthatgivenanumber of agents k following a Slotted
ALOHA MAC protocol, the frame size that provides the
optimal throughputisN =k-e[44].

Once the slot frame size is fixed, all tags in range select a
random slot to communicate again. Then, the reader checks
the total number of tags that have filled each slot and, among
thoseslotsthatarefilledwithjustonetag,looksforthattag’s ID to
checkifitisalready withinthe detected group. Ifnot,thesetags
are then added to the detected group. Note thatitis possible, in
some cases, to have tags not detected at the end of set of
identification cycles. In other words, even if a passenger is
withinrange ofareader, itis possible thatshe/he is not properly
identified and tracked.

We have previously explained that, for a correct detection  of
all tags in range in a relatively short amount of time, RFID
readers perform a set of identification cycles. The more cycles
performed, the higher the chances of a 100% identification.
However, since the impact of having extra cycles minimally
reflects on the cost of the energy consumed, we decide to use a
time-limited approach for ourmodel. Hence, weseta 5 seconds
limittoasetofcycles,soareader can perform as many cycles as
needed inside that 5 second frame. We choose this value
because, considering the average adult human walking speed
lies around 1.5 m/s [45][46], we ensure every passenger
crossing a coverage area close to its center will be detected and
possibly identified atleastonce.

5. ANALYSIS
Architectural Decisions

InTable 4 we present the summary of the decisions con- sidered

for the model and the architectural tradespace in the
form of a Morphological Matrix. Since the number of
architectures in this case is relatively small, we follow a Full-
Factorial Enumeration strategy and simulate each of the 144
architectures. Next, we proceed by analyzing each ofthemand
theirimpactin the overall systemarchitecture.

We have already mentioned different types of passengers can
travel in different directions inside a terminal. In particular,
we consider two primary types: Passengers departing and
passengers arriving. Therefore, the two first major decisions
selectwhethereachofthesepassengerswillbetrackedornot.

- Decisionl: Dowetrackdepartingpassengers?
- Decision2: Dowetrackarrivingpassengers?

Furthermore, there is a third type of passengers, those who
connectfromoneflighttoanotherone. Duetotheabsenceofreal
dataonconnectingpassengers, weoptfornotsimulating them in
this work. Still, we bear the Tracking Connecting Passengers
decisioninmind.

Although the three types of passengers are in the same terminal,
they follow different trajectories and move through different
areas. Therefore, it is important to specify where should we
place the readers inside the terminal in order to cover all
possible trajectories effectively. To achieve that, we create
two architectural decisions that select the initial and final
tracking point for departing passengers. Note that
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the same two decisions could also be specified for arriving
passengers. However, their trajectories go directly from
the gates area to the terminal exit and, consequently, these
decisionswouldbeequivalenttodecidingwhethertotrackor not
track arriving passengers (i.e. Decision 2).

- Decision3: Whichistheinitialtrackingpointfordeparting
passengers?
- Decisiond: Whichisthefinaltrackingpointfordeparting
passengers?

Once we have determined the limits of the tracking area, we
have to decide how we should place the readers inside that area.

We have previously introduced a heuristic to place readers
and specified the minimum horizontal distance between
readers. However,wehavenotagreedonusing?2.50 the radius as
the definitive distance betweenreaders. Thatis why we turnthe
distance intoadecision:

- Decision 5: Which is the horizontal distance
betweenreaders?

Tobeabletoseetheimpactofthisdecisiononthetradespace, apart
from choosing the minimum distance, we also consider 2.75,3,
and3.25timestheradiusasoptions forthehorizontal separation
betweenreaders.

During the development of the model we also focused on RFID
antennas. Specifically, we considered theuse of more than one
antenna and showed two possible configurations using 3 and 4
antennas, respectively. Therefore:

- Decision 6: How many antennas should we connect to
readers?

Regarding RFID tags, in this paper we have compared three
differentmodelsoftags’ integrated circuits—Higgs-3, Higgs- 4,
and Higgs-EC — during the development of the RFID model in
Section 4. From Table 1 and Table 2 we can observe that
Higgs-EC outperforms the other ICs. Consequently, one could
think that Higgs-EC is also more expensive than the others.
However, after speaking withasalesresponsible from an RFID
supplier company, we learned Higgs-EC was actu- ally the
cheapest. This is due to the reduced manufacturing costs as
well as the eagerness of the industry in adopting new and better
tag models. Consequently, we assume that Higgs- EC
dominates the other IC options both in performance and cost
and therefore we select it for ouranalysis.

Metrics

To compare the different architectures and be able to discern
which of them provides the best results, it is necessary to select
someevaluationcriteria. Ideally,wewouldliketopointout which
architecture is the one that provides the greatest value, defined
as benefit at cost. In order to measure the benefit and the cost
separately we create both a performance metric and a cost
metric, and assign each architecture two individual values that
allow placing that architecture in an architectural tradespace

Cost Metric—For the cost metric, we first consider all costs
involvedinthesystemandusenormalized US Dollarsasthe cost
unit. We divide the costs involved in the architectures in the
following three categories:

- TechnologyCost: Readers,AntennasandTags.
- InstallationCost: HumanLabourandCabling.
- OperationCost: HumanLabourandEnergy.
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Table4. MorphologicalMatrixcontainingallthedecisionsconsideredforthesystem’smodel

Architectural Decision Optionl Option2 Option3 Option4
Tracking Departing Passengers | Yes No
(TDP)
Tracking Arriving Passengers | Yes No
(TAP)
Departinglnitial TrackingPoint Entrance Check-inCounter | SecurityPoint | None
(DITP)
Departing Final Tracking Point Check-inCounter | SecurityPoint Gate None
(DFTP)
Horizontal Distance Between| 2.50radius 2.75radius 3.00radius 3.25radius
Readers (HDBR)
AntennasperReader(APR) 3 4

Ofthese, we choose to take into account only the cost of readers

andantennas. Therationaleforthischoiceistwofold: First, other Ri=(rn,ri2, "+ ,ra), (17)

costs such as human labour are approximately fixed across all
architectures and therefore would not have an impact in the
relating costing metric of the tradespace. Second, energy costs
and cabling costs are at least one order of magnitude lower than
the other costs, thus allowing us to neglect them in this study.
Finally,thecostmetricutilizedin the results is

Ciotal Ctechnology i Creaders + Cantennas - (14)

Performance Metrics—Two performance metrics are consid-
ered in this analysis. The first one measures how well the
terminal is covered by readers given communication range
constraints and channel allocations constraints. In contrast,
the second one quantifies how well passengers covered by at
least one reader are tracked given the S-ALOHA identifica-
tion protocol.

InSection3wedefinedapassenger’strajectoryasPTi= (si1,
si2, =+ +, sik), where each si corresponds to a step of the
trajectory that has coordinates i, jik associated with it. Givena
trajectory PTi, wenow defineitscoverage G/ as

Ci=(Cin,Ci2,--- ,Cix) (15)

where each Cis either 1, ifthe step sikis covered by areader,
or0,ifitisnot. So,asthemainperformancemetric, wedefinethe
percentageofspatiallycoveredtrajectoryPcas

Np Nk
1 X X , 16
Pc = N N C K
Pr=p TYK =1

where Np is the total number of passengers that get in the
terminal during the whole simulationtime frame. Wedefineit as
“spatial” because we consider the amount of a passenger’s path
that is covered and not the amount of time a passenger is being
covered (temporal coverage).

During its trajectory, each passenger tag will need to be
identified several times. We define these requests R/as

where rig is either | if the tag is correctly identified in time
g,orOifitisnot. Then,thesecondperformancemetricPr,
dealingwiththetracking,isdefinedasfollows

Mo, 3
P o= 1 1 r (18)
Ne N, la
=1 Q=1

Results

Since we are interested in modeling a real day of activity
at Chicago’s airport, we extract real data from the Chicago
O’HareAirport’sflightsschedulewebsite. Thisdatacontains not
only theplane’sarrival or departure times, butalso the boarding
gates of each of these flights. As a baseline case, we model
the complete flight schedule of Thursday, July

27" 2017. That day, a total of 1,122 flights were scheduled,
dividedin 572 departures and 550 arrivals.

Next, in Figure 9 we present the architectural tradespace as well
as the Pareto Front. All architectures show both the coverage
metricinthex-axisandthecostmetricinthey-axis.

At first glance, there exists a proportional relationship be-
tween the performance and the cost of this system.
So, if a coverage of more than a 70% is to be
achieved, the cost of the system inevitably rises to more than
75% ofthemaximum cost. Then, the Pareto Frontiscomposed
by 14 architectures — 9.7% of the total — that span from low-
cost- low-performance systems to  high-cost-high-
performance al- ternatives.Startingfromthelow-costregion, the
ParetoFront . .
presents a tendency such that an increase in performance
comes alongside an increase in the cost of the architecture.
Then, it changes and we enter a stage in which we can achieve
substantial increases in performance with minimal increases in
cost. Finally, the Pareto Front goes back to the ini-
tial tendency until it reaches the high-cost-high-performance
area. From this, we can see how easily we can move across the
range of 30%-50% in performance without noticing a
significantchangein cost.

Departing Initial Tracking Point— After introducing the
Pareto Front, we focus on determining how each of the archi-
tecturaldecisionsaffectsthetradespace. InthesameFigure9
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the effect of the Departing Initial Tracking Point decision is
showed. Although most of the non-dominated architectures
present the entrance of the terminal as the initial tracking point,
this must not be confused with dominance; as in the low-cost-
low-performance region there is no other possible option than
starting at the entrance, as observed in Figure

10. Inthe high-cost-high-performance region, where there is
presence of the three options for the DITP decision, these
architectures are sometimes dominated by the architectures
tracking fromthe security pointto the gates. However, from the
medium-cost-medium-performance region we can clearly
concludethearchitectureswithDITP=“Entrance”dominate the
architectures with DITP =“Check-in Counters”.

Departing Final Tracking Point—In Figure 10, we can ap-
preciate that the DFTP decision marks the cost limits of the
system, which is closely related to the number of readers
needed. In the O’Hare airport, most of the surface is com-
prised between the security points and the gates. Therefore, if
readers are placed on that area— DFTP set to “Gates” option —
the amount of coverage substantially increases as well as the
number of readers needed to cover the surface according to the
heuristicused. Incontrast, ifreaders are limitedto the area
between the entrance and the check-in counters, the
maximum amount of possible surface to be covered is notably
small — 30% — resulting in the reduced cost of these
architectures.

Horizontal Distance Between Readers—There is a cost gap
between architectures that have the same option for the DFTP
decisioninthehigh-cost-high-performanceregion. Thisgapis
explained by the Horizontal Distance Between Readers
decision. The 24 architectures on top of the gap, or high- cost
region, present2.50 times the radius as the option forthe HDBR
decision. When the distance between readers is reduced, more
readers can be fit in the same space, hence increasing the
coverage and the cost. Then, the architectures comprised
between the 40% and 65% of the maximum cost show the rest
of the options — 2.75, 3.00 and 3.25 times the radius — for the
HDBRdecision, withoutanyoftheseoptions standing out as the
dominating option.

Antennas per Reader—Regarding the APR decision, the re-
sultsshow thatall ofthe architectures in the Pareto Frontbut one
displaythe4antennasoptionforthisdecision,indicating thereisa
clear advantage in using 4 antennas instead of 3. We can
understand the nature of the result considering the fact thatthe 4
antennas configuration only represents an increase of 8% in
costwhiletheincreaseincoverage areaelevates to 40%.

Interactionbetween TDPand TAP—IfwelookbacktoFigure9 we
can appreciate there are trios of architectures that have thesame
costbutdifferentperformances. Thisdifferencelies inthechosen
options for the Tracking Departing Passengers and Tracking
Arriving Passengers decisions. Specifically, these decisions
showtheireffectinthe formofaninteraction, asshowninFigure
11. Thedifferenceinperformanceforthe architectures that only
differ in the TDP and TAP decisions is not constant, nor the
TDP-TAP configuration that presents the best performance.
On the one hand, in the low-cost- low-performance area, the
readers are placed in the zones where only departing
passengers go through. Therefore, when only arriving
passengersaretracked, weobtainasetof architectures with zero
performance; whereas focusing only on departing passenger
provides the best results. On the other hand, in the high-cost-
high-performance region, due to the fact that arriving
passengers’ trajectoriesare shorterand more
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straight-forward, it is easier to cover a larger portion of these
passengers’ trajectories than the departing passengers’ ones,
which are more irregular and comprise more surface, thus
comprising more blind spots too.

Figure 9 shows that for high-cost-high-performance architec-
tures which start the tracking at the entrance of the terminal, the
performance gap of the TDP-TAP trios is much smaller than
the same TDP-TAP separation for the other DITP op- tions.
This result reveals that starting tracking at the entrance of the
airporthasamorerobustperformanceagainstthe TDP and TAP
decisions and their interaction in the high-cost-high-
performanceregion.

Atthis point, we have observed the different impact each of the
architectural decisions has on the tradespace. Some of the
decisions have a clear advantageous option, others show their
effects in the tradespace as a form of interaction and finally the
restcannotberelated withdominance,astheypresentall of their
optionsinthe Pareto Front.

Tracking Metric—Wehavepreviouslydevelopedtwodiffer- ent
metrics: The coverage metric, measuring how well a
determined architecture covers the terminal; and the tracking
metric, which deals with the quality of the tracking indepen-
dently ofthe first metric. In Table 5 we present the value for the
tracking metric for the architectures in the Pareto Front. Given
the computational expenses of the S-ALOHA simula- tion, we
limittheanalysistothenon-dominatedarchitectures and take as
inputjustthe 35% ofthe flightschedule of the baseline case.

Table5. Metricvaluesofthenon-dominated
architectures for the baseline case

Number Metrics

Coverage | Tracking | Cost
1 0.781 0.995 0.774
2 0.675 0.789 0.535
3 0.650 0.990 0.477
4 0.600 0.991 0.442
5 0.532 0.811 0.297
6 0.494 0.827 0.198
7 0.486 0.839 0.192
8 0.455 0.840 0.186
9 0.425 0.844 0.169
10 0.314 0.991 0.163
11 0.311 0.850 0.122
12 0.297 0.854 0.105
13 0.282 0.858 0.087
14 0.263 0.862 0.076

There are two clearly different architecture tendencies regard-
ing the tracking metric. On the one hand, four architectures
present a tracking performance close to 100%. This four ar-
chitecturesaretheonesinwhichonlythearrivingpassengers are
tracked. On the other hand, all the architectures that just track
the departing passengers — there was no architecture tracking
bothtypesofpassengersintheParetoFrontinFigure9 — show a
smaller value for the tracking metric. What is relevant
about these architectures is the relationship of inverse
proportionality between the cost and performance,
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Figurell. ImpactoftheinteractionbetweenTrackingDepartingPassengersandTrackingArrivingPassengers
decisions on the Architectural Tradespace for the baseline case.

where the best architectures in performance are the cheapest
ones. The reason behind this non-intuitive result is that a
decrease in the cost turns into a decrease in the number of
readers, and therefore a decrease in the covered area and
passengers covered simultaneously. Given we have opted for
a time-limited approach regarding the ALOHA protocol,
having less passengers covered makes the modeled algorithm
estimate a reduced number of tags, which allows the reader to
fitextrareading cyclesin the 5 second time frame and therefore
increase thenumberofdetected tags.

SummaryofRecommendations

In Table 6 we summarize the primary recommendation for each
architectural decision. To begin the discussion, we focus on the
DepartingInitial Tracking Point. InFigure9, wehave seen how
choosing to start tracking from the entrance of the terminal
reduces the gapsin performance thatthe interaction of TDP and
TAP creates. However, this only holds if the Departing Final
Tracking Pointdecisionissettothe“Gates” option. Finally, we
note in Figure 9 that most architectures in the Pareto Front

start tracking passengers from either the entrance or
security points. Selecting one or the other depends primarily
onthetypeofsystemunderconsideration, with the latter option
being preferred for high performance, high costsystems.

The DFTP decision has been shown to have a major impact in
the system tradespace. In fact, in Figure 10 we can observe that
architectures are clearly clustered based on its value. Giventhat
thevastmajorityofpassengersspendmostoftheir timeinthearea
between the security point and the gates — in fact, the arriving
passengers just walk through that area — we opt for
recommending to track until the gates.

The impact of the Horizontal Distance Between Readers
decision on the tradespace shows no preference for any of the
consideredoptions. Inthehigh-cost-high-performanceregion

no option clearly dominates the others, therefore we suggest a
decision-making process based on further constraints such as
budget or spacing limitations.

In contrast, the Antennas per Reader decision has a clearly
preferred option. Indeed, we have shown thatusing 4 antennas
oneachreader clearly outperforms the 3 antenna configuration.
Thistellsusthatthatmarginal increase in costby adding the 4th
antenna is worth it given the extra performance in reader range,
which in turn is used to reduce the number of readers across the
terminal. Note that these conclusions are robust to tag
technology, which has been shown to be a straightforward
decision since Higgs-EC'tags outperform the other alternatives
inboth performance and cost.

Finally, the analysis of the Tracking Departing Passengers,
Tracking Arriving Passengers has been combined in Figure
11. In this case, the results of the analysis are somewhat
inconclusive and do not affect the system performance and cost
significantly. Therefore, we consider these decisions as
secondary to the previous one, i.e. airport managers should
first consider where they want to place the readers and which
technologiestoutilize,andthen,focusonwhichsetofpassengers
willbetracked.

6. CONCLUSIONS
Summary

ThispaperhasexploredtheoptimizationofanloATsystemto track
passengers within an airport terminal using RFID tech- nology.
We have initiated the work with a brief description of the goal
of the system and a short literature review. Then, in Section 2
we have introduced the main features of RFID technologyand
presentedthesimulationmodeldevelopedfor this study.
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Table6. Recommendationsforeachofthearchitectural
decisions considered during the development of this study

Architectural Recommendation

Decision

Departing Initial | Trackpassengers fromtheentrance or

Tracking  Point | security gates.

(DITP)

Departing Final | Clusters architectures in tradespace.

Tracking  Point | For high performance systems, track

(DFTP) until gates.

Horizontal Secondorderdecision

DistanceBetween

Readers (HDBR)

Antennas per | Using4antennasoneachreader

Reader (APR)

Tag Technology TheHiggs-ECICdominatestherestof
availableICs

Tracking Approximatelyindependentirom

Departing otherdecisions. Theycanbe modified

Passengers afterthe systemisimplemented

(TDP) without major performance penalties

TrackingArriving

Passengers (TAP)

Tracking

Connecting

Passengers

In Section 3 and Section 4, we have focused on the model
created to evaluate each feasible architecture. The model
presents a common part that all architectures share, i.c the
airport terminal and the passengers that walk across it. Sec-
ond, we have showed how the RFID communications have
been modeled and how each architecture differs with the others
based on its option for each decision. To that end, we have
presented the link budget and coverage calculations, as wellas
the reader placement and the communication protocol
submodels.

WehavestartedSectionSwiththediscussiononthearchitec- tural
decisions that define each of the possible architectures and
encoded them in the form of a morphological matrix. Then, we
have computed the metrics for each architecture inabaseline
caseand displayedthe architectural tradespace,

i.e. a plot that explicitely visualizes the the trade between
performanceandcost. Afterthat, wehavefocusedoneachof the
decisions separately in order to analyze its impact on the
tradespace and its optimal architectures.

The main performance metric during the analyses has been the
coverage metric. Inthatsense, it has been shown that thebest
architectures achieve a coverage score of 78% for the baseline
case. This value proves that it is possible to cover most
passengers in the terminal, albeit exact (and possibly optimal)
placement of readers would require actual data on passenger’s
movementinsidethe Chicago airport.

We have also considered a second performance metric, the
tracking metric, with which we have shown that the archi-
tectures in the Pareto Front allow the tracking function with
errors in the range of 14%-20% for the architectures that just
track departing passengers and errors below the 2% for the
architectures that just track the arriving passengers.
This
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tests have been performed assuminga 5 seconds ALOHA cycle
duration, a sensible number given the speed at which
passengers walk through a terminal. Note, however, that this
value was not optimized and can therefore be refined to
improvethe performance ofthe ALOHA protocol.

Future Work

Several simplifications were assumed in this paper. Tag
orientationandtagocclusionareexamplesofphenomenathatcan
notably affect the performance of the system during real
operations. These may be avoided by enforcing tag man-
agement policies that ensure they are not concealed at any time.
Furthermore, these policies should also contemplate tag
recycling inside the airport to determine when tags are first
provided and possibly taken away from passengers. Such
considerations can reduce the amount of tags required in the
system as each one has an approximate life cycle of more than six
months.

In addition, three main lines of research arise from this study.
First,thereisspacetoimprovecertainpartsofthemodelused that
would provide more detail to the simulation results. In that
sense, models such as the reader placement model or the
passengers’ walking model should be refined and enhanced.
Also, the model could be improved by introducing a multi- path
fading submodel that quantifies the disadvantages of us- ing the
system in a enclosed space. A real scenario validation of the
reader coverage and S-ALOHA protocol should also be carried
out.

Second, we focus on the architectural improvements of the
proposed system. Considerations such as creating a mixed-
devicenetwork (e.g. RFID and mobile) aswell as extending the
coverage area to other parts of the airport are examples that lie
in this group. These would open the door to broaden the scope
of the system and include the moments previous to the arrival
ofpassengersatthetransithub(autoindustry’s “lastmile”).

Finally, we consider the studies on new applications that take
advantage of the massive amount of data generated by this
system. A machine learning-based function to detect anoma-
lous trajectories within the terminal or a recommendation
system to support personalized advertisement platforms in the
airport are examples of projects that can rely on the system we
propose.
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