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Abstract—Experts ipredict ithe inumber iof idevices iconnected ito 

iInternet iof iThings iwill ireach i50 ibillion iin i2020. i In ithis ipa- i per, 

iwe iapply ithe iconcept iof iIoT ito ithe iairport imanagement iindustry 

iand iinvestigate ithe iutilization iof iRFID itechnology ito ienhance 

iairport imobility iand isecurity. i We ipropose ia isystem i to i track 

i passengers i inside i an i airport i terminal i and i focus i on ithe 

ioptimization iof iits iarchitecture. i To ithat iend, iwe idevelop ia 

isimulation imodel iincorporating ithe imost iimportant iparts iof ithe 

isystem, iincluding: iAn iairport imodel ibased ion iChicago iO’Hare 

iInternational iAirport, ia ipassenger itrajectory imodel, ia ilink 

ibudget imodel, ia icoverage imodel, ia ireader iplacement ialgorithm, ia 

icommunication iprotocol iand ithe ilimitations iof iavailable iRFID 

itechnology iand iregulations. 

Next, iwe iidentify ia iset iof iarchitectural idecisions, isuch ias ithe 

iphysical ilimits iof ithe isystem ior ithe ispecific itechnology ito ibe 

ideployed, iand idevelop iperformance iand icost imetrics ito icompare 

ithe iplausible iarchitectures. iThen, ibased ion ithe ideveloped imodel 

iand ithe imetrics ispace, iwe ipresent ithe iarchitectural itradespace iof 

ithe isystem iand ianalyze ithe iimpact ieach idecision ihas iin iorder ito 

i optimize i the i architecture. i Finally, i we i assess i the i viability 

iof ithe ichosen iarchitecture iin iterms iof icoverage iand itracking 

iperformance. 
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1. INTRODUCTION 

Motivation 

During ithis icentury, iadvancements iin itechnology ifor istoring, 

iprocessing iand itransmitting idata ihave iled ito ithe icreation iof inew 

iconnectivity iconcepts isuch ias iInternet iof iThings i(IoT). iIoT iis 

ithe icreation iof ia idigital ireplica ifrom ia iphysical iobject ithat 

iprovides ireal-time iinformation iabout ithe istate iof ithe iobject. 

i Given ithis isimple ibut ipowerful iconcept, iit iis inot isurprising ithat 

inumerous iindustries ihave iincluded iIoT iin itheir iworkplans i[1]. 

The iaerospace isector iis ino iexception ito ithe iadoption iof iIoT; iin 

i fact, i the i term i Internet i of i Aerospace i Things i (IoAT) i has 

 

recently ibecome ipopular. iIoAT iaims ito ienhance iconnectivity iin 

ithe iaerospace idomain ito icreate ia ireal-time ifeedback iand icontrol 

iloop ibetween isystems iand iagents. i Within ithe iIoAT idomain, 

ithis ipaper ifocuses ion ia isystem ito itrack ipassengers iinside ian 

iairport iterminal iby imeans iof iRadio iFrequency iIdentification 

i(RFID). 

An iairport iterminal iis ian ienvironment iwhere idifferent iagents 

icoincide: iPassengers, iairport iauthority, ipilots, icrew, iterminal 

iworkers, ietc. i Although ieach ipresents ia idifferent iobjective, 

itwo imain igoals istand iout: iMobility iand isecurity. i Regarding 

ithe iformer, ipassengers ivalue ishort itravel itimes iand ishort 

iqueues iat icheck-in icounters, isecurity ipoints ior iboarding igates. 

i At ithe isame itime, ithe iairport iauthority iis iresponsible ifor 

iensuring iall ithe iactivity iat ithe iterminal iis icarried iout isecurely. 

Although ithere ihave ibeen iefforts ito iimprove imobility iand 

isecurity iin iairport iterminals, icurrent isolutions itarget ispecific 

ilocations i(e.g. icheck-in icounter, isecurity igates). iFor iinstance, 

iReferences i[2] iand i[3] ipresent imodels ito ioptimize ipassenger 

iqueues iand ienhance iairport isecurity-checking itechnology. iIn 

icontrast, i we i propose i using i RFID i for i crowd 

i management 
[4] iin ilarge iareas iof ithe iairport ithat icomprise iseveral iof ithe ikey 

ispots ior ilocations iof iinterest. i In ithat isense, itracking ipassengers 

iwould iprovide ireal-time iinformation ito ibe iused ifor iwaiting itime 

iestimation, iservice ioptimization iand isecurity imanagement. 

i This, iin iturn, iwould iallow ipassengers ito iget irecommendations 

ion ifastest iroutes ior ishortest iqueues, ias iwell ias ilet iairport iauthority 

ihave idata ion ipassenger idensity iat icritical ispots, iso isecurity 

iagents icould ibe iallocated iefficiently. 

Research iGoals 

The imain iobjectives iaddressed iby ithis ipaper iare: 

 
1. Development iof ian iairport imodel iserving ias ithe icontext iof ithe 

isystem. 
2. Determination iof ithe iset iof ifeasible iarchitectures iand iits 

iRFID icommunications imodel. 
3. Development iof iperformance iand icost imetrics ias iarchi- 

itectural iassessment icriteria iand iposterior iexploration iof ithe 

iarchitectural itradespace. 
4. Optimization iof ithe iarchitecture iof ithe isystem ibased ion ithe 

iimpact iof ithe iarchitectural idecisions. 

 

Literature iReview 

Tracking ipeople iis ia iproblem ithat ihas ibeen iextensively icov- 

iered iin ithe iliterature iusing idifferent itechnologies isuch ias 

iLIDAR i[5], iRADAR i[6], iWiFi idevices i[7], iand iComputer 

iVision i[8]. i Tracking iby imeans iof ipassive iRFID itags ihas ialso 

ibeen ia itopic iof iresearch ifor itrajectory ianalysis i[9], iinformation 

igathering i[10], iand ipeople ilocalization i[11]. 
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Although iprevious iresearch ihas ifocused ion ia iwide ivariety iof 

ienvironments, isome istudies ialso iconsider ithe iuse iof iRFID 

isystems ifor itracking ipassengers iinside iairports. i In i[12], ian 

iRFID-based itracking isystem ifor iairport isecurity iis ipresented, 

ifocusing ion ithe isoftware iand ihardware iarchitecture iof ithe iTag-
Reader icommunication. i This ipaper ialso iexplores ihow ithe 

idifferent itag itechnologies iaffect ithe icommunication iand 

iassesses iits ioperation iunder ireal iairport iconditions i(at iAthens 

iInternational iAirport). i Their iresearch idemonstrated ithat iit iis 

ifeasible ito iuse iRFID itags iattached ito ipassengers’ iluggage ito 

itrack ithem iwithin ithe iairport. 

In i[13], ia ipatent, ithe iapplicability iand iadvantages iof iusing i an 

iRFID isystem ifor itracking ipassengers iinside ian iairport i are 

idiscussed. i Without iproviding idetails ion ispecific iRFID 

itechnology ior iimplementation, iit iproposes ithis imethod ifor 

isolving isome iproblems ion imobility iand isecurity. 

Finally, iin i[14] ian iRFID imodel idesigned ito ibe iused iin iairports ifor 

isecurity iand iefficiency iis ipresented. iThe iwork iconsiders ia 

icellular inetwork iof ipassive iRFID ireceivers iand ifar-field iactive 

iRFID itags. i It ialso iconsiders ithe icommunication iproblems ithat 

imay iarise isuch ias inon iline-of-sight iconditions ior imulti- ipath 

ifading. 

Paper iStructure 

The iremainder iof ithis ipaper iis istructured  ias ifollows: i In isection 

i2 iwe istart iwith ia ibrief iintroduction ito iRFID, ihigh- ilighting ithe 

ispecific ifeatures iof ithe iproposed isystem. iSection i3 ifocuses ion 

ithe imodeling iof ithe iairport ienvironment ii.e., i the iterminal iand 

ithe ipassengers, iwhich iserve ias ithe ishared icontext iof ithe idifferent 

isystem iarchitectures. iNext, iin iSection i4 iwe imodel ithe isystem, 

iaddressing ithe ielements ithat idraw i its iarchitectural 

idifferences. i Section i5 iis idevoted ito ithe idescription iof ithe 

iarchitectural idecisions, ithe imetrics iadopted ito ievaluate ithe 

iimpact iof ieach idecision, iand ithe itradespace iexploration ifor iall 

ithe iconsidered iarchitectures. i Finally, ithe ipaper iconcludes 

iwith ia isummary iof iresults iand ia idiscussion iof ilines iof ifuture 

iwork. 

 

2. RFID I AS I CONCEPT 

RFID iTechnology 

RFID iis ian iautomatic iidentification iprocedure ibased ion iusing 

ielectromagnetic iwaves ifor ipower isupply iand idata-exchange 

iwith ia idata-storing idevice i[15]. i The ibasic iRFID icommu- 

inication isystem ihas ithree idifferent ielements: i A ireader, ia i tag, 

iand ia iwireless ichannel iserving ias ithe icommunication imedium. 

i Tags iare iusually iattached ito iobjects iand, iif iwithin ithe ireader’s 

irange, ithey ican ibe idetected iand iidentified. i We ichoose ipassive 

iRFID itags ifor ithis istudy, ias itheir ibatteryless iarchitecture imakes 

ithem iideal ifor ilarge-scale ideployments. 

Regarding iRFID ireaders, ias iin iprevious iresearch istudies 

i[16][17], iwe ifocus ion iEPC iClass-1 iGeneration-2 iprotocols 

i(C1G2). iAccording ito iC1G2 iand iUS iFCC iregulations, iRFID 

ireaders iare ionly iallowed ito iuse ififty i500 ikHz ichannels iin ithe 

iUltra iHigh iFrequency i(UHF) i902-928 iMHz iband. i Further- 

imore, ithe imaximum itransmit ipower iby ian iRFID ireader iis i1 iW 

iand ithe imaximum iantenna igain ifor ithe ireader iis ilimited i to i6 

idBi, iresulting iin ia imaximum itotal iEffective iIsotropic iRadiated 

iPower i(EIRP) iof i4W. 

Readers iand itags iare iconnected ito ieach iother ithrough ia iwireless 

ichannel. i In ithat isense, iwe iconsider ifar-field iRFID 

icommunications, iin iwhich ithe ieffective irange iis iin ithe iorder 

of i10 imeters i[18]. i Given ithe ilarge inumber iof ireaders ithat ican 

ibe icollocated iinside ia iterminal i(also iknown ias iDense iReader 

iEnvironment), iand ito iavoid icollisions iwhen imultiple itags iare iin 

irange iand itry ito icommunicate iwith ithe isame ireader, iMedium 

iAccess iControl i(MAC) iprotocols iare idefined. iThe imost iused 

iprotocol iin iRFID icommunication iis iSlotted iALOHA,  ia itime-
based iprotocol iin iwhich islot iallocation iis icarried iout irandomly. 

RFID ias ia iConcept ifor iTracking iin iAirports 

The iidea  iof iIoT iusually  ientails ithe imanagement iand iprocess- iing 

iof ilarge iamounts iof idata. i Many iBig iData  iapplications irely ion 

ibroad iwireless isensor inetworks ito iprovide iuseful iinformation. 

iIn iour icase, ithe iproposed iconcept iaddresses  ithe ipassengers ias 

ithe isensor inetwork iwhile ia icentral iprocessing iunit igathers ithe 

iinformation iand iprocesses iit iso ifeedback ion ipassenger imobility 

iand iairport isecurity ican ibe iobtained. 

To ithat iend, iRFID ireaders iare iplaced ithrough ian iairport 

iterminal iwhile ipassengers iare igiven ian iRFID itag, iwhich 

ienables itheir itracking. i As ipassengers imove, ithe ireaders 

iidentify ithe itags icontinuously iand isend ithe iinformation ito ia 

icentral idatabase iwhere idata iis iprocessed ito iunderstand ithe istate 

iof ithe iterminal. i Then, ithis idata iis iprovided  ito iboth ipassengers 

iand iTSA ito iimprove imobility iand isecurity. 

We iidentify iother idevices, isuch ias imobile iphones, ion iwhich ithe 

iproposed isystem icould ialso irely. i However, ialthough icoverage 

imay iextend, iexclusively idepending ion ithese icon- inections 

iprovides ia i“tracking iswitch” ito iall ipassengers, ithus iopening ithe 

idoor ito ia iperformance idecrease idue ito ithe imanual ideactivation i– 

ibecause iof ivarious ireasons i– iof ipart iof ithe isensors. i In icontrast, 

iRFID itags iwill ialways itransmit ias ilong ias ithey iare ireached iby ia 

ireader. 

Introduction ito ithe iModel 

The icrowded ienvironment iat ian iairport ias iwell ias ithe ihigh 

ireader idensity iof ithe isystem ientail ian iextensive ispace iof 

ipossible iarchitectures. i Given ithe ilaboriousness iof ianalyzing 

iand isynthesizing iall ipotential iarchitectures, iwe idefine ithe 

iplausible iarchitectures ias ia iset iof iseparated iarchitectural 

idecisions i[19]. 

These idecisions irespond ito idifferent iquestions ithat ineed ito ibe 

ianswered ibefore ithe iimplementation iof ithe isystem iin ia ireal 

iterminal: iWhich ipassengers ishould iit itrack? iWhere idoes ithe 

isystem istart iand ifinish ithe itracking? i Which ispecific iRFID 

itechnology ishall iwe iconsider? iIs iit inecessary ito ifix iparticular 

iprotocols? iHow imany ireaders ishould iwe iplace? iHow ishould iwe 

idistribute ithem? 

To ibe iable ito ioptimize ithe iarchitecture iwith ithe ibest ioption ifor ieach 

iof ithe idecisions, iin ithe ifollowing isections iwe idevelop i a 

isimulation imodel icombining iall ithe ielements iof ithe iRFID 

isystem, ias iwell ias ithe iterminal iin iwhich iit ioperates iand ithe 

ipassengers ithat ihave ito ibe itracked. i To isupport ithe imodel 

idisclosure, iFigure i1 ishows iits idiagram iwith ithe idifferent 

isubparts iand ihow ithese iinteract iwith ieach iother. 

 

3. AIRPORT I MODEL 

The ifirst istep iin ithe idevelopment iof ithe imodel iis ithe icreation iof 

ithe isystem’s icontext i– ithe ipart ithat iall iarchitectures ishare i– iwhich 

iis ithe iairport iterminal iitself. iThis imeans isimulating inot ionly ithe 

iphysical ispace iof ithe iterminal ibut ialso ithe ipassengers iand itheir 

itrajectories ithrough iit. 
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Figure i1. i Diagram iof ithe imodel. 

 

Terminal 

Terminal isimulators ihave ialready ibeen idescribed iin iliterature 

iwith ithe iaim iof iproviding iinsightful iinformation ifor ifacility 

idesign i[20] ior ioptimizing ipassenger iflow i[21]. i In iour icase, iwe 

iwant ito isimulate ithe iairport iand ithen isimulate ian iRFID 

icommunication isystem ion itop iof iit, ithus idiffering ifrom iairport 

isimulators’ iusual igoals. 

To ibegin iwith, iwe ifocus ijust ion iairport ipassenger ibuildings, ias 

ineither iplane irunways inor iother ilocations isuch ias ithe icar irental 

iarea iwill ibe ipopulated iwith iRFID ireaders. iA ipassenger ibuilding iis 

ia i3D ienvironment ibut ipassengers iwalk iacross i2D iplanes; 

itherefore iwe imodel ithe ibuildings ias iflat isurfaces, ifollowing ithe 

isame iconcept iof iother iairport isimulators i[22]. 

Motivated iby ithe iamount iof idata iavailable ifrom ithe iairport, iwe 

ichoose ito imodel ithe iTerminal i3 iat iChicago iO’Hare 

iInternational iAirport i(ORD). iFour iof ithe inine iconcourses ithe 

iairport iare ilocated iin iTerminal i3, iwhich ihosts idomestic iflights 

ifrom iseveral iwell-known iairlines. iFigure i2 ishows ithe imap iof ithe 

ichosen ibuilding. 

To imodel ithe ilayout iof ithe iterminal ias ia iflat isurface iwe iregard ithe 

imap ias ia idiscrete idomain iconsisting iof itiles, iand iassign ieach iof 

ithese itiles ia idifferent inumber idepending ion iwhether ithey iare 

iwalking iareas, iobstacles ior iouter iregions. iTherefore, iwe idefine 

ithe iterminal iT i as 

 

T i = i(tij) i∈ iRm
 i
⇥

 i

n (1) 

 
We iset im iand in ito ibe i1200 iand i1450, irespectively. iThis iway, ieach 

itile ihas ia ireal isize iof i0.38 imeters, ihalf ithe ihuman iaverage istride 

ilength i[23]. i With ithis ivalue iwe iachieve ithe inecessary 

igranularity ito idifferentiate ithe iRFID icoverage iof ithe idifferent 

iarchitectures. 

Next, iwe idefine ia ilocation ias ia isite iat ithe iairport ithat iis ipart iof ia 

ipassengers’ itrajectory iand ibelongs ito ia icertain iclass, isuch ias 

 

 

Figure i2. i Map iof ithe iTerminal i3 iat iChicago iO’Hare iInternational 

iAirport. 

 
entrances, icheck-in icounters, isecurity ipoints ior igates. i Then, ia 

isingle ilocation ilk i is idefined  ias ithe ituple 

lk i= i(ik i, ijk i, ick) i, (2) 

iwhere i ik i and i jk i are i the i coordinates i of i the i location’s i tile i in 
T i and ick i is iits iclass. i A ilocation  ioccupies iexactly  ione itile. 
In iFigure i3, ithe iTerminal i3 iof iO’Hare iairport iis ipresented 

ifollowing ithe imodeling idescribed iin ithis isection. i Black iareas 

icorrespond ito ithe iouter iregions iof ithe iterminal, iwhite iareas 

irepresent iwalking iareas, iand ifinally igray iareas imodel iobstacles 

iin ithe iterminal. i These iobstacles imay ibe iclosed ispaces, isuch ias 

ishops ior irestaurants, ior irestricted iwalking iareas, isuch ias 

isecurity icontrol ipoints. 

Colored idots iin iFigure i3 irepresent ithe iposition iof ieach iloca- 
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Figure i3. i Model iof ithe iTerminal i3 iat iChicago iO’Hare 

iInternational iAirport. 

 
tion ilk. i Thirteen ired idots irepresent ithe idifferent ientrances; 

icheck-in icounters iare ishowed ias itwenty-eight iblue idots; iten 

igreen idots iindicate ivarious isecurity icontrol ipoints; iseventy- 

ieight iyellow idots irepresent ithe igates iof ithe iterminal; iand ifinally 

ia isingle ipurple idot imodels ithe iexit iof ithe iterminal ifor iarriving 

ipassengers, iwhich ileads ithem ito ithe ibaggage iclaim iarea iand 

iexit. 

Passengers 

Modeling iof ihuman iwalking ihas ialready ibeen istudied ifor 

inumerous ipurposes iand iapplications i[24][25][26]. iHowever, 

icurrent iwalking imodels ipresent isuch ia ihigh ilevel iof idetail iand 

icomplexity ithat iusing ithem ito icreate imore ithan i100,000 

ipassengers iwho iare iwalking idistances iover i300 imeters iwould 

itake ian iexcessive iamount iof itime iand icomputing iresources. iTo 

ialleviate ithis iconstraint, iwe icreate ia isimpler ilong-distance 

iwalking iheuristic iable ito ihandle iscalability iissues. 

As iin i[27], iwe imodel itrajectories ias ia isuccession iof ilocations il1, i· ·  i· 

ilK iin ithe iform iof iway ipoints, ieach iof iwhich irepresents ia iway 

ipoint ithat ithe ipassenger imust igo ithrough ibefore icom- ipleting 

ithe ientire ijourney i(recall ihere ithe idistinction ibetween ilocation 

iand itile). i For iinstance, ideparting ipassengers ithat ienter ithe 

iterminal ifor ithe ifirst itime imay ifirst ihead ito ithe icheck-in icounter, 

ithen iwalk itowards ithe isecurity ipoint iand ifinally ireach ithe 

icorresponding igate. i Formally, iwe idefine ia ipassenger 

itrajectory iPTl ias iset iof isteps islk 

PTl i= i(sl1, isl2, i· ·  i· i , islK) (3) 

iwhere ieach istep islk i is idefined iby iits icoordinates 

slk i= i(ilk i, ijlk) (4) 

While ireaching ieach ilocation, ipassengers iare ionly iable ito iwalk 

ithrough iwalking iareas, iand ican inot icross iobstacles ior imove 

ioutside iof ithe iterminal. i It iis ialso iobvious ithat ino ipassenger ican 

imove ito iany itile ithat iis inot iadjacent ito ihis/her icurrent itile. 

Next, iwe ipresent iAlgorithm i1 ias iour iapproach ito icomputing ia 

ihuman-walking itrajectory iin ithe iterminal icontext. 

Each ipassenger ihas ia iset iof ipredefined ilocations, iwhich iis 

irepresented iby ithe ilocations iarray. iFor ieach itype iof  ilocation, ithe 

i passenger i is i assigned i one i instance i randomly. i  i At i the 

 
 

Algorithm i1 icompute i trajectory 
 

1: I  I procedure iCOMPUTETRAJECTORY 
2: next i loc i← i 1 
3: step i← i 0 
4: target i← ilocations[next iloc] i5:

 while inot ireached ifinal i() ido  i6:

  make i next i step i(target) 
7: step i← istep i+1  i  
8: if iposition  i== itarget  ithen 
9: if inext  iloc i+1  i< ilength i(locations) ithen 
10: next i loc i← inext i loc i+1  i  
11: target i← ilocations[next i loc] 
12: if istep i> ithreshold ithen 
13: break i() 

 

 
beginning iof ithe itrajectory, ithe ipassenger iis iplaced iat ithe ifirst 

ilocation iin ilocations iand isets ihis/her itarget ion ithe isecond 

ilocation iof ithe iarray. i While ithe itarget iis inot ireached, ithe 

ipassenger iwill ikeep iwalking. i Once ihe/she iarrives iat ithe itarget, 

ithe ialgorithm iwill iprovide ithe ipassenger iwith ia inew itarget iuntil 

ithe ifinal ilocation iis ireached. iFinally, ithe ialgorithm ihas ia ibreak 

istatement iin iorder ito iprevent ithe isimulation ifrom igetting istuck iin 

ithe icreation iof ia isingle itrajectory ishould ithe iproposed iheuristic 

ifail. 

In ireal iterminals, ipassengers imostly icarry iout inon-optimal 

itrajectories, ias ithey imay ideviate ito iother iplaces, isuch ias ishops, 

irestaurants iand irestrooms. i Therefore, iwe imodel ithe imake 

inext istep istatement ias ia irandom ivariable ithat iallows ipassengers 

ito ialso itake inon-optimal idirections. iSo, igiven ithe iresult iof ia 

irandom ivariable, ia ipassenger ican imake ithree itypes iof istep: 

• Optimal: iThe ipassenger imakes ithe istep ithat igets ihim/her 

icloser ito ithe itarget ifollowing ithe iA* ialgorithm i[28]. 
• Logical: i The ipassenger imakes ia irandom istep ibut, iif ithe 

ipassenger iis ipositioned inext ito ian iobstacle ior iwall, ithe ial- 

igorithm iwill isubstantially iincrease ithe iprobability iof iwalking iin ia 

idirection ithat imakes ithe ipassenger ihead iaway ifrom ithat 

iobstacle ior iwall, ias ipeople iin iairports ido inot itend ito iwalk inext ito 

iwalls. 
• Random: iThe ipassenger itakes ia icomplete irandom istep iin ia 

idirection iwith ino iobstacles. 

Once ithe imodel ichooses ithe idirection iin iwhich ia ipassenger ihas 

ito iwalk, ithis ipassenger iwalks imore ithan ione istep iin ithat 

idirection. i Figure i4 ishows ian iexample iof ia itrajectory icreated iby 

ithe imodel. 

In iaddition ito icreating ithe ipassengers iin ithe ispatial idomain, iit iis 

inecessary ito iplace ithem iin ithe itemporal idomain. i To imodel ithe 

itime ipassengers istay iinside ithe iterminal, iwe ihave ito iconsider 

ideparting iand iarriving ipassengers iseparately. iOn ithe ione ihand, 

ideparting ipassengers iusually iarrive imore ithan ian ihour ibefore 

ithe iflight iand ihave ito ispend itime iwaiting ito iboard. iOn ithe iother 

ihand, iarriving ipassengers ienter ithe iterminal ithe imoment ithey 

iwalk ithrough ithe iboarding igate iand ido inot istop iuntil ithey ireach 

ithe ibaggage iclaim iarea ior ithe iexit. 

Unfortunately, iwe ilack ireal idata ion ithe itemporal ibehaviour iof 

ipassengers iand ican inot imodel ithis ifeature ias iaccurately ias iwe 

iwould ilike ito. i However, iwe ican ibase iour iapproach ion 

iReference i[29]. iIn ithat isense, iwe idevelop itwo iheuristics, ione ifor 

ieach itravel idirection i– ideparture iand iarrival i– iby iwhich iwe itry ito 

imodel ihow idifferent ipassengers ifrom ithe isame iflight ihave 

idifferent iarrival itimes. iFor ithe ideparting icase, iwe idefine 
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Figure i4. i Example iof ia ipassenger’s itrajectory icreated iby ithe 

imodel. 

 

the itime ispent iinside ithe iterminal ittd i
as 

 

ttd i
= iwalking itime i+ itearly i+ itbd i

, (5) 

where itearly icaptures ithe itime ia ipassenger ihas ito iwait ibecause iof 

i the i early i arrival i at i the i airport i and i is i defined i as itearly i ⇠ 

Therefore, iwe iutilize ithe ilink ibudget iequation ito icompute ithe 

imaximum idistance ithat ican iseparate ia itag iand ia ireader igiven ithe 

ireader’s iantenna itechnology iits isectorization ipattern. i On ithe 

iother ihand, ia imodel ifor ithe iSlotted iALOHA iprotocol iused iin iRFID 

isystems iis iutilized ito iquantify ithe ipercentage iof itags idetected iper 

ireader ias ia ifunction iof ithe inumber iof itags iin ia ireader’s ivicinity. 

Link iBudget 

Two icommunication ilinks iare iestablished ithrough ithe iwire- 

iless ichannel: i A idownlink iin iwhich ithe ireader itransmits ia 

imodulated iRF isignal ito ithe itag, iand ian iuplink iin iwhich ithe itag’s 

iintegrated icircuit i(IC) ivaries ithe iinput iimpedance iand iresponds 

iusing ia ibackscattering imechanism i[32]. i Reference 
[33] idemonstrates ithat ithe idownlink iis imore irestrictive ithan ithe 

iuplink ias ithe ipower isensitivity ithreshold iof ithe itag iis ilower ithan 

ithat iof ithe ireader. 

The iequation iexpressing ithe ipower iPrt ireceived iby ithe itag iin ithe 

idownlink icommunication ican ibe iexpressed ias i[33] 

 

Prt i= iPtrGtr iPL igrtχτ, (7) 

 
where iPtrGtr i is ithe ireader itransmitted iEIRP, igrt iis ithe igain iof ithe 

itag’s ireceiver iantenna, iχ iis ithe ipolarization imatching ico- 

iefficient, iand iτ i is ithe iimpedance imatch ibetween ithe iantenna 

iand ithe iRFID ichip. iPL irepresents ipath iloss, iwhich istrongly 

idepends ion ithe ipropagation ienvironment. iIn ithat isense, iif iwe 

iconsider i the i Free i Space i Propagation i Model, i then i the i path 

N i(2500 is, i500 is); i and i tbd i
represents i the i time i a i passenger loss iwould ibe iexpressed ias i[34] 

spends i waiting i from i the i moment i the i boarding i starts i until 

she/he iboards, imodeled ias itbd i
⇠ i N i(0, i 240 is). ✓  

 i λ i  i

◆2 

In icontrast, i the iheuristic ideveloped ifor ithe iarriving icase iis 

imuch i simpler. i The i time i spent i inside i the i terminal i for i the 

PL i= 
4πd 

, (8) 

arriving ipassengers itta i
is idefined ias where iλ iis ithe isignal’s iwavelength, iand id iis ithe idistance ibe- 

itween ithe ireader iand ithe itag. iAs iairports iare ienclosed ispaces, 

tta 
= iwalking  itime i+ itba i

, (6) we icould ialso iconsider ithe iIndoor iLarge iScale iPropagation 

iModel, iin iwhich icase ithe iequation ifor ipath iloss iis i[34] 

where itba i
represents ithe idifferent itimes ipassengers idisembark 

ifrom ithe iplane iand itherefore iwalk ithrough ithe iboarding igates. iIt 

i is i defined i as i tba i  i
⇠ i |N i(0, i 200 is)|, i given i that 

i arriving 

 

P i (d) i= iP i (d  i ) i+ i10n ilog i

✓
 id  i

◆ i

+ iX 

 

 
(dBW), (9) 

passengers ispend iless itime iqueuing ithan ideparting iones, ias ino 

iticket ichecking iis ineeded. 

L L i  

i 0 d0 
σ 

 

4. COMMUNICATIONS  I MODEL 

In ithe iliterature iwe ifind istudies ithat iinvolve ithe icreation iof 

iRFID isimulators. i Two igood iexamples iare: i RFIDSim i[30], i a 

iphysical iand ilogical ilayer  iengine ifor ipassive  iRFID  isimula- ition; 

iand ithe iPARIS iSimulation iFramework i[31], ian iRFID 

isimulation ienvironment ithat ifocuses ion ithe iphysical ilayer, 

iparticularly ithe iUHF icommunication ichannel. iUnfortunately, 

iboth imodels iare icomputationally iintensive iand iwould irequire 

ilarge iresources ito iapply idirectly iinto iour iairport isimulation 

ienvironment. iTherefore, iwe ihave icreated ia inew iRFID imodel 

ifocusing ion ia iscaled iversion iof icurrent isimulators iin iex- ichange 

iof ilevel iof idetail. 

For ithe ipurposes iof ithis istudy, ithe icommunications imodel ihas 

ibeen idivided iinto itwo imajor iparts: iComputing ithe iantenna ilo- 

ications iwithin ithe iterminal, iand iquantifying ithe iperformance iof 

ithe isystem ivis-a-vis ithe iMAC iprotocol. iFor ithe iformer, iwe ifirst 

ineed ito icompute ithe ieffective irange iof iany igiven ireader. 

where id0 iis ian iarbitrary ireference idistance, iPL(d0) iis ithe ifree 

ispace ipath iloss ifor idistance id0, in iis ithe ipath iloss iexponent, iand 

iXσ i is ia izero imean iGaussian irandom ivariable ithat imodels 

ienvironmental ifactors isuch ias itag iobstruction ior imultipath  

ipropagation. 

Equation i7 iconstitutes ithe ilink ibudget iequation iof ithe imodel, 

iwhich iallows ius ito icompute ithe imaximum idistance ibetween 

ireader iand itag isuch ithat ithe ilatter ireceives ienough ipower ito 

ioperate. iTo ithat iend, iwe imake ithe ifollowing iassumptions: 

• The ireceived ipower iPrt ihas ito iequal ithe ipower isensitivity iof 

ithe itag, iPrt i= iSt. 
• The ipower itransmitted iby ithe ireader, iis ilimited ito i4W  

iaccording ithe iregulations ipresented iin iSection i2. i Therefore, 

iPtrGtr i= i4 iW. 
• We iassume ithe igain iof ithe itag’s ireceiver iantenna iis iequal ito ione,  

iso igrt i=  i0 idB. 
• We iassume ia icircular ipolarized ireader iantenna iand ia ilin- 

iearly ipolarized itag; ithen ithe isensitivity ito ipolarization ican ibe 
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ignored ibut ian iadditional i3 idB iloss ihas ito ibe iconsidered i[33]. 

iTherefore,  iχ i(dB) i= i—3 idB. 
• We imake ithe iassumption ithat ithere iare ino ilosses idue ito ithe 

iimpedance imatch, iτ i = i1. 
• We ineglect ithe ilarge-scale iand ismall-scale ifading imodel- 

iing, ias ithey iare itoo icomplex ifor ithe iscope iof ithis ipaper. 
• We i assume i the i collocation i of i readers i at i admissible i alti- 

itudes iand itherefore imodel i2D iRFID icommunications. 

Next, iwe iconsider ithe itwo iaforementioned  ipropagation imod- 

iels: iThe ifree-space iwireless ichannel ipath iloss,  iin iEquation i8; 

iand ithe iindoor ilarge iscale ipropagation iwireless ichannel 

imodel, iin iEquation i9, iin iwhich iwe iset ithe iarbitrary idistance id0 ito 

ibe ione imeter, iconsider ia ipath  iloss iexponent  in i =  i2 ior in i=  i3 iand 

ineglect ithe iGaussian irandom ivariable,  iXσ i= i0. iFinally, ito 

ifully ispecify ithe ilink  ibudget iequation,  iwe istill ihave ito idefine 

ithe itag’s ipower isensitivity iSt, iwhich iprimarily idepends ion iits 

iIC.  iIn ithat  isense, iwe iconsider iand  icompare ithree  idifferent 

imodels: i Higgs-3, iHiggs-4 iand iHiggs-EC,  iwhose 

isensitivity iis i-20 idBm, i-20.5 idBm  iand i-22.5 idBm, 

irespectively. 

In iTable i1 iwe ipresent ithe imaximum ireading idistances iob- 

itained iwhen iapplying iEquation i7. i In iall icases ithe icarrier 

ifrequency iis iset ito i915 iMHz. 

 
Table i1. i Maximum ireading idistances ifor ieach itag iIC iand 

iwireless ipropagation imodel 

 

Tag iIC Propagation iModel 

Free-space ILS, in i=  i2 i ILS, in i=  i3 i 

Higgs-3 11.65 im 11.65 im 5.88 im 

Higgs-4 12.35 im 12.35 im 6.11 im 

Higgs-EC 15.54 im 15.54 im 7.13 im 

 
The ifirst  itwo imodels iprovide isame iresults.  iThis iis ibecause  ithe 

iindoor ilarge iscale imodel iturns iinto ithe ifree-space imodel iwhen  

in i= i2. i In icontrast, iwhen iusing  ithe iindoor  ilarge  iscale imodel iwith 

in i=  i3 iwe iobtain isignificantly ilower ivalues ifor ithe imaximum 

ioperation idistance. iFinally, igiven ithat ithe ivalues iobtained  iwith  

in i = i 2 iare imore iconsistent iwith ithe iresults iin i[12], iwe iassume 

ithat ithe iFree iSpace iPropagation iModel iprovides ia isufficient 

iapproximation ifor ithe ipurposes iof ithis ipaper. 

Sectorization iand iCoverage 

The iidea iof icovering ithe iterminal iinevitably icomes ihand- i in-
hand iwith ithe iconcept iof isectorization. i As iin icellular 

inetworks, iwe iwish ito idivide ithe iterminal iin iregions iin iwhich 

iomnidirectional icoverage iis iachieved. iAlthough iRFID iomni- 

idirectional iantennas iare ibeing istudied iin ithe iliterature i(see, ifor 

iinstance, i[35], i[36]), icommercial iRFID iantennas imostly 

ipresent ia idirectional igain iprofile. i Therefore, iwe isectorize ieach 

ireader iwith imultiple i(three ior ifour) iRFID idirectional iantennas 

iin iorder ito iapproximately iobtain ian iomnidirectional iradiation 

ipattern. iIn iparticular, iour icalculations iare ibased ion ithe iALR-
F800 ireader itogether iwith ithe iALR-A0501 iantenna i[37]. i This 

iantenna, iwhose iradiation iplot iis ishowed iin iFigure i5, i stands 

i out i for i its i lower i directionality i as i compared i to 
other iavailable imodels i(note ithat ithe i3dB ibeamwidth iof ithis 

iantenna iis iapproximately i105○). 

Figure i6 iand iFigure i7 ishow ithe iapproximate iradiation iplots ithat 

iwould iresult ifrom iconnecting ithree iand ifour iALR-A0501 

iantennas ito ian iALR-F800 ireader. i Note ithat ithe iresulting ira- 

diation ipatterns iare inot iperfectly iomnidirectional.  iTherefore, iwe 

iproceed iby iestimating ithe igain iloss i∆Gt  iin ithe ireader’s iantenna 

ithat iresults ifrom ipointing iin ia inon-optimal idirection iof ithe 

iradiation ipattern. i In ithat isense, iour iconservative icriteria iselects ia 

igain iloss isuch ithat i90% iof ithe iazimuth iplane isees ia igain iGt i ≥ 

iGt,max i— i∆Gt. 

For ithe ithree iantennas icase, iwe inote ithat ithe i3 idB ibeamwidth iof 

ithe ithree iantenna iconfiguration icovers ialmost ithe i90% iof ithe 

iazimuth iplane, iso iwe iconsider ithe irange iof ithe iomnidi- 

irectional icoverage ias ithe imaximum irange iwith ian iextra i3 idB 

ipenalization. i On ithe iother ihand, ifor ithe ifour iantennas icase, 

iapproximately ithe i90% iof ithe iazimuth iplane iis icovered iby ithe 
1.5 idB ibeamwidth. iSo, iwe ipenalize ithe ilink ibudget iequation 

iwith ian iextra i1.5 idB iloss, ias iit iis ithe idifference ibetween ithe 

imaximum igain iof ithe iantenna iand ithe igain iat i45 ideg. 

In iTable i2 iwe ishow ithe iresulting icoverage iranges ifor ieach i of 

ithe ipreviously imentioned iICs idepending ion ithe inumber iof 

iantennas iconnected ito ithe isame ireader. i We iobserve ithat, iin 

igeneral, iconnecting ifour iinstead iof ithree iantennas iresults iin ia 

irange iimprovement iof iapproximately i1.5 ito i2 imeters. 

Table i2. i Coverage iranges ifor ieach itag iIC igiven ia inumber 

iof iconnected iantennas 

 

Tag iIC Number iof iantennas 

Three i(3 idB iloss) Four i(1.5 idB iloss) 

Higgs-3 8.25 im 9.81 im 

Higgs-4 8.74 im 10.39 im 

Higgs-EC 11.00 im 13.08 im 

Reader iPlacement iand iChannel iAllocation 

Once iwe ihave iquantified ithe irange iof icoverage ifor ia isingle 

ireader, iwe iare inow iready ito idiscuss ithe iplacement iof ithe ireaders 

iwithin ithe iterminal. i For iinstance, iin iFigure i8 iwe ipresent ian 

iillustrative iexample iof ireader iplacement iwhere ithe iradius iof 

ieach icircle iis iequal ito ithe imaximum icoverage irange, iand iits 

icolor irepresents ithe iUHF ichannel iused ifor icommunicating 

iwith ithe itags. i Note ithat iboth ithe iplacement iof ithe ireaders iand 

ithe ichannel iassignments iare, iin ithis ifigure, icompletely irandom, 

ibut iwill ineed ito ibe ioptimized iin iour imodel. 

The iantenna iplacement iand ichannel iallocation iproblem ican ibe 

isummarized ias ifollows: iGiven ia ifixed inumber iof ireaders iwith ia 

ipre-specified irange, ia ifixed inumber iof ichannels iwithin ithe iUHF 

iband, iand ia icertain iarea ito icover iwithin ia iterminal, iwe iseek  ito 

imaximize ithe ipercentage iof iarea icovered iby iat ileast ione iwhile 

iminimizing ithe inumber iof inecessary ireaders iand iavoiding iintra 

ior iinterchannel iinterference. iThis iproblem iis ia iclear iexample iof 

ithe iAntenna iPlacement iProblem i(APP), ia isubtype iof i“covering 

iproblem” i[38] iwhich ihas ialready ibeen iaddressed ifor ithe iRFID 

icase i[39]. i In iother iwords, ithe iAPP iposes ithe iquestion iof ihow 

imany iand iwhere iwe ishould iplace idifferent ibase istations igiven ia 

iset iof icandidate ipoints iand ia iset iof iconstraints. 

The imost icommon isolution ito ithe iproblem iis ibased ion igenetic 

ialgorithms, ia itype iof ioptimization ialgorithm iinspired iby 

inatural iselection i[40]. i The iapplication iof igenetic ialgorithms ito 

i solve i the i APP i has i already i been i studied i in i literature 

i[41]. i Unfortunately, iwhen ithe inumber iof icandidate ipoints 

iincreases, igenetic ialgorithms irequire iincreasing iamounts iof 

itime ito iconverge ito ithe ioptimal isolution. i In iour icase, iwhere iwe 

i have i more i than i a i thousand i candidate i points, i and i more 
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Figure i5. i ALR-A0501 iantenna 

iradiation iplot. 
Figure i6. i Three iALR-A0501 iantennas 

iradiation iplot. 
Figure i7. i Four iALR-A0501 iantennas 

iradiation iplot. 

 
 

 

Figure i8. i Illustrative iexample iof ia isimple iplacement iof 

iRFID ireaders iwithin ithe imodeled iterminal. 

 

 
than ia ihundred iarchitectures, i each iwith iits iown iAPP, ithe i use 

iof igenetic ialgorithms iis inot ipossible idue ito iexcessive 

icomputational iburden. i Instead, iwe idevelop ia isuboptimal 

iheuristic iplacement ialgorithm ishared iacross iall iarchitectures 

ithat isatisfies ithe ichannel iinterference irestrictions iwhile ibeing 

icomputationally iinexpensive. 

To idevelop ithis iheuristic, iwe istart iby iconsidering iReference 

i[17], iwhere ia istudy ion ithe iminimum idistances ibetween iRFID 

ireaders ito iavoid iinterference iis ipresented. i Table i3 ishows ithe 

iresults iof ithis istudy iand iconsiders iboth ithe irelative iposition 

Table i3. i Safe idistance ifor idifferent iantenna 

iconfigurations i[17] 

 

Channel 

Adjacency 

Antenna iof iDefault iConfiguration 

Front i(m) Side i(m) Back i(m) 

0 1400 350 210 

1 180 45 30 

2 130 25 15 

3 95 20 10 

 
zontal iseparation ibetween ireaders ias iinputs. 
2. It iiterates ithrough iall ithe itiles iof iT i, ifrom ileft ito iright iand ifrom 

itop ito ibottom. 
3. If ia itile iti,j iis iempty, iit iplaces ia ireader ithere iand imoves ito itile 

iti,j+separation  ito icontinue  iwith ithe iplacement. 
4. When  ithe ialgorithm ireaches ithe iend iof irow ii, iif iit ihas 

iplaced iany ireader iin ithat irow, ijumps ito irow ii i+ iradius, ii i+1  

i otherwise. 
5. The ialgorithm ifinishes ias isoon ias iit ireaches ithe ibottom-left 

icorner iof ithe iterminal. 

Once ithe iplacement ifor iall ireaders iwithin ithe iairport iterminal ihas 

ibeen iobtained, iwe iproceed ito iallocate iUHF ichannels ito ieach iof 

ithem. iIn ithat isense, iwe iuse iAlgorithm i2 ias ia iheuristic iapproach ito 

iassign inon-adjacent ichannels ito icontiguous iread- iers isuch ithat ithe 

ichannel iinterference iis iminimized. iNote ithat iAlgorithm i2 ican ibe 

iinterpreted ias ia iDepth-First-Search i(DFS) ithrough ithe itree iof iall 

ipossible ichannel iassignments igiven ithe ireaders iand iits ilocations. 

of iantenna ipairs iand itheir idegree iof ichannel iadjacency i(e.g.   
if ichannel iadjanceny iis izero, ithen iboth ireaders iare iusing ithe 

iexact isame ifrequencies ito itransmit). iAlthough ithese idistances 

imay ivary iwith ithe itechnology, iwe ican inotionally isee ihow ifar 

iapart itwo ireaders iwith ithe isame ichannel iallocation ineed ito ibe 

iassuming ia idirectional iantenna. 

Instead iof iintroducing ithese idistances ias irestrictions iin iour 

iheuristic, iour iheuristic ialgorithm itries ito icover ithe iterminal, 

igiven ithe irange iof ia ireader iand ia iseparation iparameter, iwhile 

iminimizing ithe iamount iof ioverlap ibetween ireader icoverage 

iareas. iThe ialgorithm iworks ias ifollows: 

1. The ialgorithm iis igiven ithe icoverage iradius iand ithe ihori- 

Algorithm i2 iObtain iChannel iAllocation  

1: procedure i ITERATE i READERS(r i array, ii) 
2: if ii i== ilength i(r i array) ithen 
3: return iTrue 
4: else 
5: for ic i∈ i[1, i50] ido 
6: if icheck  i channels i(r i array, i i, i c) ithen 
7: r iarray[i].channel i← ic 
8: if iiterate i readers i(r i array,  ii i+ i1) ithen 
9: return iTrue 
10: r i array[i].channel i ← i—1 
11: return iFalse  
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At ieach istep iof iAlgorithm i2, iwe iiterate iover iall ireaders iin ithe 

iterminal, iallocate ia inew ichannel ito ione iof ithem iand ithen icheck 

ithe iviability iof ithe iresulting iallocation. iIf ia inew ireader ican inot 

icommunicate ithrough iany ichannel iwithout icausing 

iinterference, ithe ialgorithm ichanges ithe ichannel iallocation i of 

ithe iprevious ireaders, iuntil iit ireaches iconvergence. i To icheck 

ithe iviability iof ithe iplacement iat ieach istep iwe idevelop 

iAlgorithm i3. 
 

Algorithm i3 iCheck iChannel iInterference  

1: procedure i CHECK i CHANNELS(r i array, ii, ic) 
2: for ir i∈ ir i array[: ii i— i1] ido 
3: if icheck  i line i of i sight i(r i array[i], i r) ithen 
4: dist i← iget i distance  i(r i array[i], i r) 
5: channel idiff i← iabs i(c i— ir.channel) 
6: if ichannel i diff i == i0 i &  i dist i≤ i1400 ithen 
7: return iFalse 
8: if ichannel i diff i == i1 i& idist  i≤ i180 ithen 
9: return iFalse 
10: if ichannel i diff i == i2 i& idist  i≤ i130 ithen 
11: return iFalse 
12: if ichannel i diff i == i3 i & idist  i≤ i95 ithen 
13: returnn iFalse  return iTrue  

tems ihave ibeen ipresented iin ithe iliterature. iOne iof ithe isimplest 

ialgorithms iis ithe iBasic iFramed iSlotted iALOHA i(BFSA) 

ialgorithm, iwhich ialthough ieasy ito iimplement, icauses iineffi- 

iciencies iwhen iselecting ioptimal islot iframe isizes i[42]. iIn i[43], ithe 

iDynamic iFramed iSlotted iALOHA i(DFSA) iis ipresented, iand 

iits iAdvanced i(AFSA) iversion iis iintroduced itoo. i Both 

ialgorithms itry ito iestimate ithe inumber iof itags ipresent iin ithe iarea 

ibefore ideciding ithe iframe isize. i Finally, iin i[42] ithe iEnhanced 

iDynamic iFramed iSlotted iALOHA i(EDFSA) iis ipresented iand iis 

ishown ito inotably ioutperform iBFSA iin iterms iof iframe isize 

iefficiency. i When ithe inumber iof itags iexceeds i500, iwe ican ialso 

iappreciate ihow iEDFSA iprovides ia imore islot-efficient 

iapproach ithan iDFSA. iGiven ithe iscope iof iour iproblem, iwhere iit 

iis iunlikely ito ihave imore ithan i500 itags iper ireader, iwe iselect ithe 

iDFSA/AFSA ialgorithm ias ithe ibaseline iprotocol ifor ithe iMAC 

ifunctionality. 

Following ithe iwork iin i[43], iwe istart iby iintroducing isome 

imathematical ipreliminaries. i Given ia ireader iR, iwhich ipro- 

ivides iN i slots ito ithe iset iof in i tags ithat iit icovers, i the inumber ir 

iof itags iin ione islot i—called ioccupancy inumber— ifollows ia 

ibinomial idistribution iwith iparameters in iand i  i

1
 i: 

14: 
n 1 r 

Bn, i
 i1 i i(r) i=  1 n—r 

1 i— i
 

 
(10) 

The ialgorithm ifocuses ion ireader ii iand iiterates iover iall ithe i other 

ireaders iwhich ia ichannel ihas ibeen ialready iassigned ito 

N r N N 

each. i First, i it i checks i whether i reader ii i has i direct i line i of 

isight i (LOS) i with i each i of i the i other i readers. i  i We i not i only 
Applying iEquation i10 ito iall iN islots, ithe iexpected ivalue iof ithe 

inumber iof islots iwith  ioccupancy inumber ir iis igiven iby iaN,n 
consider i as i LOS i a i clear i path i between i readers i but i we i also, 
trying ito ibe iconservative, iallow ian iobstacle ias ithick ias i8 imeters. 

i So, iif ia ireader iis iin iLOS iwith ireader ii, iwe icompute ithe idistance 

ibetween ireaders iand ithe idistance ibetween ithe ireaders’ iassigned 

ichannels. iWe ithen icompare iboth imeasures  iwith ithe iinterference-
safe ivalues ifrom iTable i3, iassuming iboth 

[43]: 

 

 

 N,n 

 

 
✓

n
◆✓ i

1 i

◆r i✓ 

r 
 
 

 

1 i

◆n—r 

readers ihave iface-to-face iantennas iand itherefore iconsidering ithe 

imost irestricted icase, ibeing ithe iFront iConfiguration. 
ar = iN iBn, i

 i1 i i(r) i= iN i  i

r N 
1 i— i

N 
(11) 

To iobtain ithe iminimum idistance iwe ievaluate idifferent isepara- 

itions iin iterms iof ithe icoverage iradius. i We ifind ithis iminimum 

idistance icorresponds ito i2.5 itimes ithe iradius. i This idoes inot 

imean iwe imust ichoose ithis ivalue ibut ithat ino idistance iwe iselect ican 

ibe ismaller ithan i2.5 itimes ithe iradius. 

Medium iAccess iChannel iProtocol 

As imentioned iin iSection i2, iSlotted iALOHA iis ithe imost iused 

iprotocol iin iRFID isystems iand itherefore iwe ichoose iit ifor ithe 

isimulation iof iour isystem. iThe iprotocol iworks ias ifollows: 

• There iis ia ireader iand ia iset iof in iunidentified itags. 
• The ireader istarts ithe icommunication iprocess iby iproviding iN 

i time islots iand istarting ian iidentification icycle ithat ibroad- icasts 

ito iall itags iin irange. 
• The itags ireceive ithe inumber iof islots iN iand irandomly iselect ione 

ito icommunicate itheir iIDs iback ito ithe ireader. 
• The ireader ireceives isome islots iempty, iothers iwith ione itag’s iID, 

iand ithe irest iare icorrupted idue ito idata icollisions ifrom itwo ior imore 

itags. 
• The ireader itriggers imore icycles iuntil iit icompletes ithe ifull iset 

iof icycles. iOnce ia itag iis iidentified ifor ithe ifirst itime, iit iwill iremain 

iidentified iduring ithe ifollowing icycles ifor ithe irest iof ithe iset iof 

icycles. 
• Once ithe ireader ifinishes iwith ithe iidentification iprocess, iall 

 
DFSA ialgorithm iestimates ithe inumber iof itags ipresent iin ithe 

ireader’s iradius ibefore iselecting ian ioptimal iframe isize. i To ithat 

iend, ithe ireader ifirst iprovides ia iframe isize iof iN i slots. iThe 

ireceived iframe, iresulting ifrom ia itag-reading icycle, ican ibe 

iviewed ias ithe ituple i⟨c0, ic1, ick⟩, iin iwhich ieach inumber iquantifies 

ithe inumber iof iempty islots, islots ifilled iwith iexactly ione itag iand 

islots iwith icollisions. 

Given ithese ithree inumbers iwe ican iestimate ia ilower ibound ifor ithe 

inumber iof itags in i[43]: 

 

εlb(N, ic0, ic1,  ick) i= i c1 i+ i2ck (12) 

 
This iexpression imeets ithe irequirement ithat ithere ican inot ibe iless 

itags ithan ithe inumber iof islots ifilled iwith ione itag iplus itwo itimes ithe 

inumber iof islots iin iwhich ia icollision ihas itaken iplace. iA icollision  

irequires ia iminimum iof itwo itags ifilling ithe isame islot iin iorder ito 

ioccur, ithat iis iwhy ick i is imultiplied iby itwo. 

Once ithe ireader iknows ia ilower ibound ifor ithe inumber iof itags 
n, iit ican icompute ia imore iaccurate iestimation i[43]: 

tags igo iunidentified iagain iand ithe ireader ihas ito irestart ithe 

i complete iset iof icycles. 
aN,n 

N,n 
 i

c i

!
 i 

0 0 εvd(N, ic0, ic1, ick) i= i min
 i

@a1 
A i— c1 (13) 

Several i Slotted i ALOHA i protocols i applicable i to i RFID i sys- 
n N,n ck 

≥2 
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The ireader ilooks ifor ithe ivalue ifor in ithat iminimizes ithe ierror 

ibetween ithe iexpected inumbers iof islots ifilled iwith izero, ione ior 

itwo ior imore itags,  igiven iby iEquation i11, iand ithe iactual 

iquantities iobserved iin ieach icase. iWe  iupdate ithe isize iof ithe islot  

iframe  iaccordingly  ito iN i = ibn i· iec i+ i1. i The  ireason  iof  ithis 

inumber iis ithat igiven ia inumber iof iagents ik ifollowing ia iSlotted 

iALOHA iMAC iprotocol, ithe iframe isize ithat iprovides ithe 

ioptimal  ithroughput  iis iN i = ik i· ie i[44]. 

Once ithe islot iframe isize iis ifixed, iall itags iin irange iselect ia 

irandom islot ito icommunicate iagain. i Then, ithe ireader ichecks 

ithe itotal inumber iof itags ithat ihave ifilled ieach islot iand, iamong 

ithose islots ithat iare ifilled iwith ijust ione itag, ilooks ifor ithat itag’s iID ito 

icheck iif iit iis ialready iwithin ithe idetected igroup. i If inot, ithese itags 

iare ithen iadded ito ithe idetected igroup. i Note ithat iit iis ipossible, iin 

isome icases, ito ihave itags inot idetected iat ithe iend iof iset iof 

iidentification icycles. i In iother iwords, ieven iif ia ipassenger iis 

iwithin irange iof ia ireader, iit iis ipossible ithat ishe/he iis inot iproperly 

iidentified iand itracked. 

We ihave ipreviously iexplained ithat, ifor ia icorrect idetection i of 

iall itags iin irange iin ia irelatively ishort iamount iof itime, iRFID 

ireaders iperform ia iset iof iidentification icycles. i The imore icycles 

iperformed, ithe ihigher ithe ichances iof ia i100% iidentification. 

i However, isince ithe iimpact iof ihaving iextra icycles iminimally 

ireflects ion ithe icost iof ithe ienergy iconsumed, iwe idecide ito iuse ia 

itime-limited iapproach ifor iour imodel. iHence, iwe iset ia i5 iseconds 

ilimit ito ia iset iof icycles, iso ia ireader ican iperform ias imany icycles ias 

ineeded iinside ithat i5 isecond iframe. iWe ichoose ithis ivalue 

ibecause, iconsidering ithe iaverage iadult ihuman iwalking ispeed 

ilies iaround i1.5 im/s i[45][46], iwe iensure ievery ipassenger 

icrossing ia icoverage iarea iclose ito iits icenter iwill ibe idetected iand 

ipossibly iidentified iat ileast ionce. 

 

5. ANALYSIS 

Architectural iDecisions 

In iTable i4 iwe ipresent ithe isummary iof ithe idecisions icon- isidered 

i for i the i model i and i the i architectural i tradespace i in ithe 

iform iof ia iMorphological iMatrix. i Since ithe inumber iof 

iarchitectures iin ithis icase iis irelatively ismall, iwe ifollow ia iFull- 

iFactorial iEnumeration istrategy iand isimulate ieach iof ithe i144 

iarchitectures. i Next, iwe iproceed iby ianalyzing ieach iof ithem iand 

itheir iimpact iin ithe ioverall isystem iarchitecture. 

We ihave ialready imentioned idifferent itypes iof ipassengers ican 

itravel iin idifferent idirections iinside ia iterminal. i In iparticular, 

iwe iconsider itwo iprimary itypes: i Passengers ideparting iand 

ipassengers iarriving. i Therefore, ithe itwo ifirst imajor idecisions 

iselect iwhether ieach iof ithese ipassengers iwill ibe itracked ior inot. 

• Decision i1: iDo iwe itrack ideparting ipassengers? 
• Decision i2: iDo iwe itrack  iarriving ipassengers? 

Furthermore, ithere iis ia ithird itype iof ipassengers, ithose iwho 

iconnect ifrom ione iflight ito ianother ione. iDue ito ithe iabsence iof ireal 

idata ion iconnecting ipassengers, iwe iopt ifor inot isimulating ithem iin 

ithis iwork. i Still, iwe ibear ithe iTracking iConnecting iPassengers 

idecision iin imind. 

Although ithe ithree itypes iof ipassengers iare iin ithe isame iterminal, 

ithey ifollow idifferent itrajectories iand imove ithrough idifferent 

iareas. i Therefore, iit iis iimportant ito ispecify iwhere ishould iwe 

iplace ithe ireaders iinside ithe iterminal iin iorder ito icover iall 

ipossible itrajectories ieffectively. i To iachieve ithat, iwe icreate 

itwo iarchitectural idecisions ithat iselect ithe iinitial iand ifinal 

itracking ipoint ifor ideparting ipassengers. i Note ithat 

the isame itwo idecisions icould ialso ibe ispecified ifor iarriving 

ipassengers. i However, i their i trajectories i go i directly i from 

ithe igates iarea ito ithe iterminal iexit iand, iconsequently, ithese 

idecisions iwould ibe iequivalent ito ideciding iwhether ito itrack ior inot 

itrack iarriving ipassengers i(i.e. iDecision i2). 

• Decision i3: iWhich iis ithe iinitial itracking ipoint ifor ideparting 

ipassengers? 
• Decision i4: iWhich iis ithe ifinal itracking ipoint ifor ideparting 

ipassengers? 

Once iwe ihave idetermined i the ilimits iof ithe itracking iarea, i we 

ihave ito idecide ihow iwe ishould iplace ithe ireaders iinside ithat iarea. 

i We ihave ipreviously iintroduced ia iheuristic ito i place ireaders 

iand ispecified ithe iminimum ihorizontal idistance ibetween 

ireaders. iHowever, iwe ihave inot iagreed ion iusing i2.50 ithe iradius ias 

ithe idefinitive idistance ibetween ireaders. i That iis iwhy iwe iturn ithe 

idistance iinto ia idecision: 

• Decision i 5: i Which i is i the i horizontal i distance 

i between ireaders? 

To ibe iable ito isee ithe iimpact iof ithis idecision ion ithe itradespace, iapart 

ifrom ichoosing ithe iminimum idistance, iwe ialso iconsider i2.75, i3, 

iand i3.25 itimes ithe iradius ias ioptions ifor ithe ihorizontal iseparation 

ibetween ireaders. 

During ithe idevelopment iof ithe imodel iwe ialso ifocused ion iRFID 

iantennas. i Specifically, iwe iconsidered ithe iuse iof imore ithan ione 

iantenna iand ishowed itwo ipossible iconfigurations iusing i3 iand i4 

iantennas, irespectively. iTherefore: 

• Decision i 6: i How i many i antennas i should i we i connect i to 

ireaders? 

Regarding iRFID itags, iin ithis ipaper iwe ihave icompared ithree 

idifferent imodels iof itags’ iintegrated icircuits i– iHiggs-3, iHiggs- i4, 

iand iHiggs-EC i– iduring ithe idevelopment iof ithe iRFID imodel iin 

iSection i4. i From iTable i1 iand iTable i2 iwe ican iobserve i that 

iHiggs-EC ioutperforms ithe iother iICs. iConsequently, ione icould 

ithink ithat iHiggs-EC iis ialso imore iexpensive ithan ithe iothers. 

iHowever, iafter ispeaking iwith ia isales iresponsible ifrom ian iRFID 

isupplier icompany, iwe ilearned iHiggs-EC iwas iactu- ially ithe 

icheapest. i This iis idue ito ithe ireduced imanufacturing icosts ias 

iwell ias ithe ieagerness iof ithe iindustry iin iadopting inew iand ibetter 

itag imodels. iConsequently, iwe iassume ithat iHiggs- iEC 

idominates ithe iother iIC ioptions iboth iin iperformance iand icost 

iand itherefore iwe iselect iit ifor iour ianalysis. 

Metrics 

To icompare ithe idifferent iarchitectures iand ibe iable ito idiscern 

iwhich iof ithem iprovides ithe ibest iresults, iit iis inecessary ito iselect 

isome ievaluation icriteria. iIdeally, iwe iwould ilike ito ipoint iout iwhich 

iarchitecture iis ithe ione ithat iprovides ithe igreatest ivalue, idefined 

ias ibenefit iat icost. i In iorder ito imeasure ithe ibenefit iand ithe icost 

iseparately iwe icreate iboth ia iperformance imetric iand ia icost 

imetric, iand iassign ieach iarchitecture itwo iindividual ivalues ithat 

iallow iplacing ithat iarchitecture iin ian iarchitectural itradespace 

i[47]. 

Cost iMetric—For ithe icost imetric, iwe ifirst iconsider iall icosts 

iinvolved iin ithe isystem iand iuse inormalized iUS iDollars ias ithe icost 

iunit. iWe idivide ithe icosts iinvolved iin ithe iarchitectures iin ithe 

ifollowing ithree icategories: 

• Technology iCost: iReaders, iAntennas iand iTags. 
• Installation iCost: iHuman iLabour iand iCabling. 
• Operation iCost: iHuman iLabour iand iEnergy. 
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Table i4. i Morphological iMatrix icontaining iall ithe idecisions iconsidered ifor ithe isystem’s imodel 

 

Architectural iDecision Option i1 Option i2 Option i3 Option i4 

Tracking iDeparting iPassengers 

i(TDP) 
Yes No   

Tracking i Arriving i Passengers 

i(TAP) 
Yes No   

Departing iInitial iTracking iPoint 

i(DITP) 
Entrance Check-in iCounter Security iPoint None 

Departing iFinal iTracking iPoint 

i(DFTP) 
Check-in iCounter Security iPoint Gate None 

Horizontal i Distance i Between 

iReaders i(HDBR) 
2.50 iradius 2.75 iradius 3.00 iradius 3.25 iradius 

Antennas iper iReader i(APR) 3 4   

 

Of ithese, iwe ichoose ito itake iinto iaccount ionly ithe icost iof ireaders 

iand iantennas. iThe irationale ifor ithis ichoice iis itwofold: iFirst, iother 

icosts isuch ias ihuman ilabour iare iapproximately  ifixed iacross iall 

iarchitectures iand itherefore iwould inot ihave ian iimpact iin ithe 

irelating icosting imetric iof ithe itradespace. iSecond, ienergy icosts 

iand icabling icosts iare iat ileast ione iorder iof imagnitude ilower ithan 

ithe iother icosts, ithus iallowing ius ito ineglect ithem iin ithis istudy. 

iFinally, ithe icost imetric iutilized iin ithe iresults iis 

Rl i= i(rl1, irl2, i· ·  i· i , irlQ), (17) 

iwhere irlq i is ieither i1 iif ithe itag iis icorrectly iidentified iin itime 
q, ior i0 iif iit iis inot. iThen, ithe isecond iperformance imetric iPT i, 

idealing  iwith ithe itracking,  iis idefined ias ifollows 

NP NlQ 

P i  i = i

 i 1 i  i
X i

 i 1 i  i
X i

r (18) 
 

Ctotal 

 

⇡ iCtechnology 

 

⇡ iCreaders 

 

+ iCantennas . (14) 

T 
NP 

l=1 
NlQ 

lq 

q=1 

 
Performance iMetrics—Two iperformance imetrics iare iconsid- 

iered iin ithis ianalysis. i The ifirst ione imeasures ihow iwell ithe 

iterminal iis icovered iby ireaders igiven icommunication irange 

iconstraints iand ichannel iallocations iconstraints. i In icontrast, 

ithe isecond ione iquantifies ihow iwell ipassengers icovered iby iat 

ileast ione ireader iare itracked igiven ithe iS-ALOHA iidentifica- 

ition iprotocol. 

In iSection i3 iwe idefined ia ipassenger’s itrajectory  ias iPTl i= i(sl1, 

isl2, i· ·  i· i,  islK), iwhere ieach islk  icorresponds  ito  ia istep  iof ithe 

itrajectory ithat ihas icoordinates iilk, ijlk i associated iwith iit. iGiven ia 

itrajectory iPTl, iwe inow idefine iits icoverage iCl i as 

 

Cl i= i(Cl1, iCl2, i··  i· i , iClK) (15) 

 
where ieach iClk iis ieither i1, iif ithe istep islk iis icovered iby ia ireader, 

ior i0, iif iit iis inot. iSo, ias ithe imain iperformance imetric, iwe idefine ithe 

ipercentage iof ispatially icovered itrajectory iPC ias 

Results 

Since i we i are i interested i in i modeling i a i real i day i of i activity 

iat iChicago’s iairport, iwe iextract ireal idata ifrom ithe iChicago 

iO’Hare iAirport’s iflights ischedule iwebsite. iThis idata icontains inot 

ionly ithe iplane’s iarrival ior ideparture itimes, ibut ialso ithe iboarding 

igates iof ieach iof ithese iflights. i As ia ibaseline icase, iwe i model 

i the i complete i flight i schedule i of i Thursday, i July 
27th

 i2017. i That iday, ia itotal iof i1,122 iflights iwere ischeduled, 

idivided iin i572 idepartures iand i550 iarrivals. 

Next, iin iFigure i9 iwe ipresent ithe iarchitectural itradespace ias iwell 

ias ithe iPareto iFront. i All iarchitectures ishow iboth ithe icoverage 

imetric iin ithe ix-axis iand ithe icost imetric iin ithe iy-axis. 

At ifirst iglance, ithere iexists ia iproportional irelationship ibe- 

itween i the i performance i and i the i cost i of i this i system. 

i So, iif i a i coverage i of i more i than i a i 70% i is i to i be 

i achieved, i the icost iof ithe isystem iinevitably irises ito imore ithan 

i75% iof ithe imaximum icost. i Then, ithe iPareto iFront iis icomposed 

iby i14 iarchitectures i– i9.7% iof ithe itotal i– ithat ispan ifrom ilow-
cost- ilow-performance isystems ito ihigh-cost-high-
performance ial- iternatives. iStarting ifrom ithe ilow-cost iregion, ithe 

iPareto iFront 
NP NlK presents i a i tendency i such i that i an i increase  i in i performance 

P i  i = i

 i 1 i  i
X i

 i 1 i  i
X i

C , (16) comes i alongside i an i increase i in i the i cost i of i the i architecture. 
C 

NP 
l=1 

NlK 
lk 

k=1 
Then, iit ichanges iand iwe ienter ia istage iin iwhich iwe ican iachieve 

isubstantial iincreases iin iperformance iwith iminimal iincreases iin 

i cost. i  i Finally, i the i Pareto i Front i goes i back i to i the i ini- 
where iNP i is ithe itotal inumber iof ipassengers ithat iget iin ithe 

iterminal iduring ithe iwhole isimulation itime iframe. iWe idefine iit ias 

i“spatial” ibecause iwe iconsider ithe iamount iof ia ipassenger’s ipath 

ithat iis icovered iand inot ithe iamount iof itime ia ipassenger iis ibeing 

icovered i(temporal icoverage). 

During iits itrajectory, ieach ipassenger itag iwill ineed ito ibe 

iidentified iseveral itimes. iWe idefine ithese irequests iRl ias 

tial itendency iuntil iit ireaches ithe ihigh-cost-high-performance 

iarea. i From ithis, iwe ican isee ihow ieasily iwe ican imove iacross ithe 

irange iof i30%-50% iin iperformance iwithout inoticing ia 

isignificant ichange iin icost. 

Departing iInitial iTracking iPoint— iAfter iintroducing ithe 

iPareto iFront, iwe ifocus ion idetermining ihow ieach iof ithe iarchi- 

itectural idecisions iaffects ithe itradespace. iIn ithe isame iFigure i9 
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Figure i9. i Architectural iTradespace, iPareto iFront iand iImpact iof ithe iDeparting iInitial iTracking iPoint idecision ion ithe iArchitectural 

iTradespace ifor ithe ibaseline icase. 

 

 

 

 

 

 

 

Figure i10. i Impact iof ithe iDeparting iFinal iTracking iPoint idecision ifor ithe ibaseline icase. 
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the ieffect iof ithe iDeparting iInitial iTracking iPoint idecision iis 

ishowed. i Although imost iof ithe inon-dominated iarchitectures 

ipresent ithe ientrance iof ithe iterminal ias ithe iinitial itracking ipoint, 

ithis imust inot ibe iconfused iwith idominance; ias iin ithe ilow-cost-
low-performance iregion ithere iis ino iother ipossible ioption i than 

i starting i at i the i entrance, i as i observed i in i Figure 
10. i In ithe ihigh-cost-high-performance iregion, iwhere ithere i is 

ipresence iof ithe ithree ioptions ifor ithe iDITP idecision, ithese 

iarchitectures iare isometimes idominated iby ithe iarchitectures 

itracking ifrom ithe isecurity ipoint ito ithe igates. i However, ifrom ithe 

imedium-cost-medium-performance iregion iwe ican iclearly 

iconclude ithe iarchitectures iwith iDITP i= i“Entrance” idominate ithe 

iarchitectures iwith iDITP i= i“Check-in iCounters”. 

Departing iFinal iTracking iPoint—In iFigure i10, iwe ican iap- 

ipreciate ithat ithe iDFTP idecision imarks ithe icost ilimits iof ithe 

isystem, iwhich iis iclosely irelated ito ithe inumber iof ireaders 

ineeded. i In ithe iO’Hare iairport, imost iof ithe isurface iis icom- 

iprised ibetween ithe isecurity ipoints iand ithe igates. iTherefore, iif 

ireaders iare iplaced ion ithat iarea i– iDFTP iset ito i“Gates” ioption i– 

ithe iamount iof icoverage isubstantially iincreases ias iwell ias ithe 

inumber iof ireaders ineeded ito icover ithe isurface iaccording ito ithe 

iheuristic iused. i In icontrast, iif ireaders iare ilimited ito i the i area 

i between i the i entrance i and i the i check-in i counters, ithe 

imaximum iamount iof ipossible isurface ito ibe icovered iis inotably 

ismall i– i30% i– iresulting iin ithe ireduced icost iof ithese 

iarchitectures. 

Horizontal iDistance iBetween  iReaders—There iis ia icost igap 

ibetween iarchitectures ithat ihave ithe isame ioption ifor ithe iDFTP 

idecision iin ithe ihigh-cost-high-performance iregion. i This igap iis 

iexplained iby ithe iHorizontal iDistance iBetween iReaders 

idecision. i The i24 iarchitectures ion itop iof ithe igap, ior ihigh- icost 

iregion, ipresent i2.50 itimes ithe iradius ias ithe ioption ifor ithe iHDBR 

idecision. i When ithe idistance ibetween ireaders iis ireduced, imore 

ireaders ican ibe ifit iin ithe isame ispace, ihence iincreasing ithe 

icoverage iand ithe icost. i Then, ithe iarchitectures icomprised 

ibetween ithe i40% iand i65% iof ithe imaximum icost ishow ithe irest 

iof ithe ioptions i– i2.75, i3.00 iand i3.25 itimes ithe iradius i– ifor ithe 

iHDBR idecision, iwithout iany iof ithese ioptions istanding iout ias ithe 

idominating ioption. 

Antennas iper iReader—Regarding ithe iAPR idecision, ithe ire- 

isults ishow ithat iall iof ithe iarchitectures iin ithe iPareto iFront ibut ione 

idisplay ithe i4 iantennas ioption ifor ithis idecision, iindicating ithere iis ia 

iclear iadvantage iin iusing i4 iantennas iinstead iof i3. iWe ican 

iunderstand ithe inature iof ithe iresult iconsidering ithe ifact ithat ithe i4 

iantennas iconfiguration ionly irepresents ian iincrease iof i8% iin 

icost iwhile ithe iincrease iin icoverage iarea ielevates ito i40%. 

Interaction ibetween iTDP iand iTAP—If iwe ilook iback ito iFigure i9 iwe 

ican iappreciate ithere iare itrios iof iarchitectures ithat ihave ithe isame 

icost ibut idifferent iperformances. iThis idifference ilies iin ithe ichosen 

ioptions ifor ithe iTracking iDeparting iPassengers iand iTracking 

iArriving iPassengers idecisions. i Specifically, ithese idecisions 

ishow itheir ieffect iin ithe iform iof ian iinteraction, ias ishown iin iFigure 

i11. iThe idifference iin iperformance ifor ithe iarchitectures ithat ionly 

idiffer iin ithe iTDP iand iTAP idecisions iis inot iconstant, inor ithe 

iTDP-TAP iconfiguration ithat ipresents ithe ibest iperformance. 

i On ithe ione ihand, iin ithe ilow-cost- ilow-performance iarea, ithe 

ireaders iare iplaced iin ithe izones iwhere ionly ideparting 

ipassengers igo ithrough. i Therefore, iwhen ionly iarriving 

ipassengers iare itracked, iwe iobtain ia iset iof iarchitectures iwith izero 

iperformance; iwhereas ifocusing ionly ion ideparting ipassenger 

iprovides ithe ibest iresults. iOn ithe iother ihand, iin ithe ihigh-cost-
high-performance iregion, idue ito ithe ifact ithat iarriving 

ipassengers’ itrajectories iare ishorter iand imore 

straight-forward, iit iis ieasier ito icover ia ilarger iportion iof ithese 

ipassengers’ itrajectories ithan ithe ideparting ipassengers’ iones, 

iwhich iare imore iirregular iand icomprise imore isurface, ithus 

icomprising imore iblind ispots itoo. 

Figure i9 ishows ithat ifor ihigh-cost-high-performance iarchitec- 

itures iwhich istart ithe itracking iat ithe ientrance iof ithe iterminal, ithe 

iperformance igap iof ithe iTDP-TAP itrios iis imuch ismaller ithan 

ithe isame iTDP-TAP iseparation ifor ithe iother iDITP iop- itions. 

iThis iresult ireveals ithat istarting itracking iat ithe ientrance iof ithe 

iairport ihas ia imore irobust iperformance iagainst ithe iTDP iand iTAP 

idecisions iand itheir iinteraction iin ithe ihigh-cost-high- 

iperformance iregion. 

At ithis ipoint, iwe ihave iobserved ithe idifferent iimpact ieach iof ithe 

iarchitectural idecisions ihas ion ithe itradespace. iSome iof ithe 

idecisions ihave ia iclear iadvantageous ioption, iothers ishow itheir 

ieffects iin ithe itradespace ias ia iform iof iinteraction iand ifinally ithe 

irest ican inot ibe irelated iwith idominance, ias ithey ipresent iall iof itheir 

ioptions iin ithe iPareto iFront. 

Tracking iMetric—We ihave ipreviously ideveloped itwo idiffer- ient 

imetrics: i The icoverage imetric, imeasuring ihow iwell ia 

idetermined iarchitecture icovers ithe iterminal; iand ithe itracking 

imetric, iwhich ideals iwith  ithe iquality iof ithe itracking iindepen- 

idently iof ithe ifirst imetric. iIn iTable i5 iwe ipresent ithe ivalue ifor ithe 

itracking imetric ifor ithe iarchitectures iin ithe iPareto iFront. iGiven 

ithe icomputational iexpenses iof ithe iS-ALOHA isimula- ition, iwe 

ilimit ithe ianalysis ito ithe inon-dominated iarchitectures iand itake ias 

iinput ijust ithe i35% iof ithe iflight ischedule iof ithe ibaseline icase. 

Table i5. i Metric ivalues iof ithe inon-dominated 

iarchitectures ifor ithe ibaseline icase 

 

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 iare itwo iclearly idifferent iarchitecture itendencies iregard- 

iing ithe itracking imetric. i On ithe ione ihand, ifour iarchitectures 

ipresent ia itracking iperformance iclose ito i100%. i This ifour iar- 

ichitectures iare ithe iones iin iwhich ionly ithe iarriving ipassengers iare 

itracked. i On ithe iother ihand, iall ithe iarchitectures ithat ijust itrack 

ithe ideparting ipassengers i– ithere iwas ino iarchitecture itracking 

iboth itypes iof ipassengers iin ithe iPareto iFront iin iFigure i9 i – i show i a 

i smaller i value i for i the i tracking i metric. i What iis irelevant 

iabout ithese iarchitectures iis ithe irelationship iof iinverse 

i proportionality i between i the i cost i and i performance, 
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Figure i11. i Impact iof ithe iinteraction ibetween iTracking iDeparting iPassengers iand iTracking iArriving iPassengers 

idecisions ion ithe iArchitectural iTradespace ifor ithe ibaseline icase. 

 

where ithe ibest iarchitectures iin iperformance iare ithe icheapest 

iones. i The ireason ibehind ithis inon-intuitive iresult iis ithat ia 

idecrease iin ithe icost iturns iinto ia idecrease iin ithe inumber iof 

ireaders, iand itherefore ia idecrease iin ithe icovered iarea iand 

ipassengers icovered isimultaneously. i Given iwe ihave iopted ifor 

ia itime-limited iapproach iregarding ithe iALOHA iprotocol, 

ihaving iless ipassengers icovered imakes ithe imodeled ialgorithm 

iestimate ia ireduced inumber iof itags, iwhich iallows ithe ireader ito 

ifit iextra ireading icycles iin ithe i5 isecond itime iframe iand itherefore 

iincrease ithe inumber iof idetected itags. 

Summary iof iRecommendations 

In iTable i6 iwe isummarize ithe iprimary irecommendation ifor ieach 

iarchitectural idecision. iTo ibegin ithe idiscussion, iwe ifocus ion ithe 

iDeparting iInitial iTracking iPoint. iIn iFigure i9, iwe ihave iseen ihow 

ichoosing ito istart itracking ifrom ithe ientrance iof ithe iterminal 

ireduces ithe igaps iin iperformance ithat ithe iinteraction iof iTDP iand 

iTAP icreates. i However, ithis ionly iholds iif ithe iDeparting iFinal 

iTracking iPoint idecision iis iset ito ithe i“Gates” ioption. i Finally, iwe 

inote iin iFigure i9 ithat imost iarchitectures iin i the i Pareto i Front 

i start i tracking i passengers i from i either ithe ientrance ior 

isecurity ipoints. i Selecting ione ior ithe iother idepends iprimarily 

ion ithe itype iof isystem iunder iconsideration, iwith ithe ilatter ioption 

ibeing ipreferred ifor ihigh iperformance, ihigh icost isystems. 

The iDFTP idecision ihas ibeen ishown ito ihave ia imajor iimpact iin 

ithe isystem itradespace. iIn ifact, iin iFigure i10 iwe ican iobserve ithat 

iarchitectures iare iclearly iclustered ibased ion iits ivalue. iGiven ithat 

ithe ivast imajority iof ipassengers ispend imost iof itheir itime iin ithe iarea 

ibetween ithe isecurity ipoint iand ithe igates i– iin ifact, ithe iarriving 

ipassengers ijust iwalk ithrough ithat iarea i– iwe iopt ifor 

irecommending  ito itrack iuntil ithe igates. 

The iimpact iof ithe iHorizontal iDistance iBetween iReaders 

idecision ion ithe itradespace ishows ino ipreference ifor iany iof ithe 

iconsidered ioptions. i In ithe ihigh-cost-high-performance iregion 

no ioption iclearly idominates ithe iothers, itherefore iwe isuggest ia 

idecision-making iprocess ibased ion ifurther iconstraints isuch ias 

ibudget ior ispacing ilimitations. 

In icontrast, ithe iAntennas iper iReader idecision ihas ia iclearly 

ipreferred ioption. i Indeed, iwe ihave ishown ithat iusing i4 iantennas 

ion ieach ireader iclearly ioutperforms ithe i3 iantenna iconfiguration. 

i This itells ius ithat ithat imarginal iincrease iin icost iby iadding ithe i4th 

iantenna iis iworth iit igiven ithe iextra iperformance iin ireader irange, 

iwhich iin iturn iis iused ito ireduce ithe inumber iof ireaders iacross ithe 

iterminal. i Note ithat ithese iconclusions iare irobust ito itag 

itechnology, iwhich ihas ibeen ishown ito ibe ia istraightforward 

idecision isince iHiggs-EC itags ioutperform ithe iother ialternatives 

iin iboth iperformance iand icost. 

Finally, ithe ianalysis iof ithe iTracking iDeparting iPassengers, 

iTracking iArriving iPassengers ihas ibeen icombined iin iFigure 
11. i In ithis icase, ithe iresults iof ithe ianalysis iare isomewhat 

iinconclusive iand ido inot iaffect ithe isystem iperformance iand icost 

isignificantly. i Therefore, iwe iconsider ithese idecisions i as 

isecondary ito ithe iprevious ione, ii.e. i airport imanagers ishould 

ifirst iconsider iwhere ithey iwant ito iplace ithe ireaders iand iwhich 

itechnologies ito iutilize, iand ithen, ifocus ion iwhich iset iof ipassengers 

iwill ibe itracked. 

 

6. CONCLUSIONS 

Summary 

This ipaper ihas iexplored ithe ioptimization iof ian iIoAT isystem ito itrack 

ipassengers iwithin ian iairport iterminal iusing iRFID itech- inology. 

i We ihave iinitiated ithe iwork iwith ia ibrief idescription iof ithe igoal 

iof ithe isystem iand ia ishort iliterature ireview. i Then, iin iSection i2 

iwe ihave iintroduced ithe imain ifeatures iof iRFID itechnology iand 

ipresented ithe isimulation imodel ideveloped ifor ithis istudy. 
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Table i6. i Recommendations ifor ieach iof ithe iarchitectural 

idecisions iconsidered iduring ithe idevelopment iof ithis istudy 

 

Architectural 

iDecision 
Recommendation 

Departing iInitial 

iTracking iPoint 

i(DITP) 

Track ipassengers ifrom ithe ientrance ior 

isecurity igates. 

Departing iFinal 

iTracking iPoint 

i(DFTP) 

Clusters iarchitectures iin itradespace. 

iFor ihigh iperformance isystems, itrack 

iuntil igates. 

Horizontal 

iDistance iBetween 

iReaders i(HDBR) 

Second iorder idecision 

Antennas per 

iReader i(APR) 
Using i4 iantennas ion ieach ireader 

Tag iTechnology The iHiggs-EC iIC idominates ithe irest iof 

iavailable iICs 

Tracking 

iDeparting 

iPassengers 

i(TDP) 

Approximately iindependent ifrom 
other idecisions. iThey ican ibe imodified 

iafter ithe isystem iis iimplemented 

iwithout imajor iperformance ipenalties 

Tracking iArriving 

iPassengers i(TAP) 

Tracking 

iConnecting 

iPassengers 

 
In iSection i3 iand iSection i4, iwe ihave ifocused ion ithe imodel 

icreated ito ievaluate ieach ifeasible iarchitecture. i The imodel 

ipresents ia icommon ipart ithat iall iarchitectures ishare, ii.e ithe 

iairport iterminal iand ithe ipassengers ithat iwalk iacross iit. i Sec- 

iond, iwe ihave ishowed ihow ithe iRFID icommunications ihave 

ibeen imodeled iand ihow ieach iarchitecture idiffers iwith ithe iothers 

ibased ion iits ioption ifor ieach idecision. i To ithat iend, iwe ihave 

ipresented ithe ilink ibudget iand icoverage icalculations, ias iwell ias 

ithe ireader iplacement iand ithe icommunication iprotocol 

isubmodels. 

We ihave istarted iSection i5 iwith ithe idiscussion ion ithe iarchitec- itural 

idecisions ithat idefine ieach iof ithe ipossible iarchitectures iand 

iencoded ithem iin ithe iform iof ia imorphological imatrix. iThen, iwe 

ihave icomputed ithe imetrics ifor ieach iarchitecture i in ia ibaseline 

icase iand idisplayed ithe iarchitectural itradespace, 
i.e. i a iplot ithat iexplicitely ivisualizes ithe ithe itrade ibetween 

iperformance iand icost. iAfter ithat, iwe ihave ifocused ion ieach iof ithe 

idecisions iseparately iin iorder ito ianalyze iits iimpact ion ithe 

itradespace iand iits ioptimal iarchitectures. 

The imain iperformance imetric iduring ithe ianalyses ihas ibeen ithe 

icoverage imetric. i In ithat isense, iit ihas ibeen ishown ithat i the ibest 

iarchitectures iachieve ia icoverage iscore iof i78% ifor ithe ibaseline 

icase. i This ivalue iproves ithat iit iis ipossible ito icover imost 

ipassengers iin ithe iterminal, ialbeit iexact i(and ipossibly ioptimal) 

iplacement iof ireaders iwould irequire iactual idata ion ipassenger’s 

imovement iinside ithe iChicago iairport. 

We ihave ialso iconsidered ia isecond iperformance imetric, ithe 

itracking imetric, iwith iwhich iwe ihave ishown ithat ithe iarchi- 

itectures iin ithe iPareto iFront iallow ithe itracking ifunction iwith 

ierrors iin ithe irange iof i14%-20% ifor ithe iarchitectures ithat ijust 

itrack ideparting ipassengers iand ierrors ibelow ithe i2% ifor ithe 

iarchitectures i that i just i track i the i arriving i passengers. i  

i This 

tests ihave ibeen iperformed iassuming ia i5 iseconds iALOHA icycle 

iduration, ia isensible inumber igiven ithe ispeed iat iwhich 

ipassengers iwalk ithrough ia iterminal. i Note, ihowever, ithat i this 

ivalue iwas inot ioptimized iand ican itherefore ibe irefined ito 

iimprove ithe iperformance iof ithe iALOHA iprotocol. 

Future iWork 

Several isimplifications iwere iassumed iin ithis ipaper. i Tag 

iorientation iand itag iocclusion iare iexamples iof iphenomena ithat ican  

inotably iaffect ithe iperformance iof ithe isystem iduring ireal 

ioperations. i These imay ibe iavoided iby ienforcing itag iman- 

iagement ipolicies ithat iensure ithey iare inot iconcealed iat iany itime. 

i Furthermore, ithese ipolicies ishould ialso icontemplate itag 

irecycling iinside ithe iairport ito idetermine iwhen itags iare ifirst 

iprovided iand ipossibly itaken iaway ifrom ipassengers. iSuch 

iconsiderations ican ireduce ithe iamount iof itags irequired iin ithe 

isystem ias ieach ione ihas ian iapproximate ilife icycle iof imore ithan isix 

imonths. 

In iaddition, ithree imain ilines iof iresearch iarise ifrom ithis istudy. 

iFirst, ithere iis ispace ito iimprove icertain iparts iof ithe imodel iused ithat 

iwould iprovide imore idetail ito ithe isimulation iresults. i In ithat 

isense, imodels isuch ias ithe ireader iplacement imodel ior ithe 

ipassengers’ iwalking imodel ishould ibe irefined iand ienhanced. 

iAlso, ithe imodel icould ibe iimproved iby iintroducing ia imulti- ipath 

ifading isubmodel ithat iquantifies ithe idisadvantages iof ius- iing ithe 

isystem iin ia ienclosed ispace. iA ireal iscenario ivalidation iof ithe 

ireader icoverage iand iS-ALOHA iprotocol ishould ialso ibe icarried 

iout. 

Second, iwe ifocus ion ithe iarchitectural iimprovements iof ithe 

iproposed isystem. i Considerations isuch ias icreating ia imixed- 

idevice inetwork i(e.g. i RFID iand imobile) ias iwell ias iextending ithe 

icoverage iarea ito iother iparts iof ithe iairport iare iexamples ithat ilie 

iin ithis igroup. i These iwould iopen ithe idoor ito ibroaden ithe iscope 

iof ithe isystem iand iinclude ithe imoments iprevious i to ithe iarrival 

iof ipassengers iat ithe itransit ihub i(auto iindustry’s i“last imile”). 

Finally, iwe iconsider ithe istudies ion inew iapplications ithat itake 

iadvantage iof ithe imassive iamount iof idata igenerated iby ithis 

isystem. iA imachine ilearning-based ifunction ito idetect ianoma- 

ilous itrajectories iwithin ithe iterminal ior ia irecommendation 

isystem ito isupport ipersonalized iadvertisement iplatforms iin ithe 

iairport iare iexamples iof iprojects ithat ican irely ion ithe isystem iwe 

ipropose. 
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