INTERNATIONAL JOURNAL OF MATHEMATICS AND COMPUTERS IN SIMULATION

Methods forairport terminal passenger flow
simulation

Gabor Kowacs, Istan Harmati, Blint Kiss, Gabor Vamos, Rter Maaczy

Abstract—Increased air traffic has also caused major rise dfhe passenger flow, and a lower grade might cause major
passenger flow at airport terminals. In order to provide efficient argrlines to avoid the use of the given terminal. Also, tenants
comfortable service at airports, passenger flow has to be 'mprOVB?"commercial facilities are interested in a high number of

which has to be based on analysis of simulation results. This paper isitina their locati ffecting th tal f
presents an evaluation of two methods for simulating passenger fIBRSSENngers visiting their locations, afiecting the rental fees.

of an airport terminal. The terminal is decomposed to several zonesEvidently, the most effective moment to influence passenger
referred to as cells, each having its own behavior. Passenger fiibaw is the phase of terminal planning or reconstruction.

between these cells is defined as a directed graph. The paper presgateful design of the floor plan and extension of present
the difference equation based store—and—forward model and a P&minals by new wings can significantly improve the speed

net based model for the simulation of passenger flow. Principles . g .
of passenger flow modeling by the two methods are present@tﬁ‘d quality of passenger flow, although it is hard to predict the

and detailed description of typical cell models are given for boghange of traffic in a imespan of decades. However, passenger
approaches. The methods are evaluated on the simulation of a snralliting and service can be improved also by modifications
scale example. Based on the results, comparison on the two methqgg affecting significantly the architectural basis. For example,

is given and a conclusion is drawn. by installing more security screening checkpoints, the queues
Keywords— Airport, Passenger flow modeling, Petri net, Simulacan be remarkably shortened for a moderate cost. On the
tion, Store—and—forward model other hand, airports are interested in reducing costs without
deteriorating passenger satisfaction, which can be achieved

. INTRODUCTION by careful resource planning, e.g. using cost—effective self-

service check-in kiosks, closing some of the security screening

Air traffic has been rising significantly in the last decade e ! . :
I:;.heckpomts in off—peak periods or replanning the assignment

resulting a daily average of about 10 000 scheduled co . !
mercial flights over the world. It is straightforward that thé’f gates to conne_ctmg flights.

increase of traffic has also affected the passenger facilities ofr he aforementmqed propedures ha\{e a common feature:
airport terminals. The most crowded airport, London Hea‘throWey can not be achieved without modeling the passenger flow

(UK) accommodates a daily average of 190 000 passenge@( the terminal. The effects of the modification of the floor plan
As the first impression of passengers about their flight QI resource allocation have to be predicted before carrying out

the airport terminal, and how they can get from the entranfe® Physical work. However the expertise of airport employees

to the boarding gate, passenger handling facilities of airpoii9Nt Serve as a basis for prediction, they can only provide a

have a great importance. Airport developers try to do therfugh qualitative estimation. In order to study the passenger

bests to guide the passengers smoothly from check-in to boeI gw precisely, an adequate numerical model has to be used.

ing, providing commercial and entertaining facilities for theifa‘_ 5|mulgt|on| tool based on sucSh ahquellca_m help E Igt n Fhﬁ
comfort. However, inconveniences like long queues at secur port development process. Such simulation methods might

screening or long transfer routes may cause the passenger: § not Ju.St 'g fllndmgkoptlmdal pas_senggr paths, but also
leave the terminal with a bitter taste in their mouth. In additiof]] 9!SCOVENNg ottlenecks or designing adequate emergency

. ; : tion routes.

increased and improperly handled passenger flow might |Rfeuatiof .

to several problems: increase of security threat, delay of con-sducih s_;_r;:ulathn tOOIS. have to be b_ased omwell;jfolrmulater?
necting flights, passengers missing their flights etc. Moreov8jCU€'s. 1he main requirements against such models are that

IATA classifies airports based on factors like passenger denstﬁx‘?y should capture the behavior of passenger flow, allow the

and transfer times [1], also depending largely on handlirigc’de”ng of uncertainties and stochastics, be understandable
' r airport design experts and, not at least, they should support
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[12]. number of parameters associated to the €gllThe set of the

This papempresents and compares two methods for passells of which the model is built up from is denoted 8y
ger flow modeling adapted to airport terminals. The store—Cells are nodes of the passenger flow graphs, which are
and—forward model, based on nonlinear difference equationsnnected by directed edges. Passenger flow is defined along
provides a macroscopic view on passenger flow using a glolfaése edges, so passengers are only allowed to pass to a drain
sampling time. The other method, using Petri net models, icall connected to the source by a directed arc. Passengers
microscopic one, allowing the study of asynchronous evoluti@moose freely the next cell to visit from reachable neighboring
of passenger flow. Both methods provide a way to includmes. Their habits are represented by branching rates assigned
uncertainties in the model, and they are both flexible enoughthe arcs. The branching rate of an arc from €glto C; is
to be adapted for different airport terminals. The latter propergiven by the mapping3 : C x C — [0, 1], so B(i, j) defines
is related to cell-based modeling, which is a common featutee probability that a passenger leaving will go to C;.
of the two models. It is straightforward that if there is no arc frofi; to Cj,

The remaining part of the paper is organized as followthen B(i, j) is zero and thab . B(i,j) = 1,VC;, C; € C.
Section Il presents a common feature of the approach&ite that branching rates might be time-dependent,B.e.
namely the modeling of an airport passenger terminal based®mn C x R™ — [0, 1] for continuous-time models @& R*) or
functional cells and their interconnections. Section Il introB : C x C x Z — [0, 1] for sampled models (& Z).
duces background of store—and—forward models and model3herefore, the model of a terminal is a pdir= (C, B),
of typical terminal facilities, while Section IV discusses theonsisting of the cells and branching rates associated to the
Petri net-based approach and gives the models of the facilitibew between them.

Section V presents the simulation results on the same small—
scale terminal model using the two methods and compargs

their properties. Section VI concludes the paper. Common cell types

Comparing the floor plans of different terminals, from
smallest ones to large hubs, one can divide their parts to
functional units, i.e. cells. However the parameters of the

In order to adapt modeling methods to the needs of ageneral cell models are different, their internal models are
port development, a flexible and unified approach has to tiee same, so these cells can be used for modeling various
constructed. Such a method should allow the modeling tfrminals. In the followings the most common cell types a
various sized airport terminals from smallest ones to larg@ssenger passes by on his way from the entrance to the
hubs, while being easy to parametrize and simulate. To mésarding gate will be summarized.
the latter requirements, it is straightforward that some kind of 1) Check—in counterTraditionally, check—in counters are
decomposition of the terminal model should be carried outthe input points of the terminal, where passengers’ tickets are
checked and their hold baggages are processed. The check—
in affects passenger flow as a delay, as the passengers have
to wait in a queue until they can proceed to a free counter.

Passenger flow, like any other flow type, should be defin€hrameters commonly associated to check—in counters are the
between nodes. However, in the case of modeling airpdirhe the check—in procedure takes and the number of counters
terminals, nodes are not just artifacts for connecting floim operation.
directions, but they should serve as objects for affecting2) Self—service check—in and baggage drop—d¥eside
passenger flow. In order to develop an adequate model, thedditional check—in counters, more and more self—service
internal dynamics has to be also represented. check-in kiosks can be found at international airports, where

Therefore, the first step of modeling, independent of tigassengers can choose their seats and print their boarding
method chosen, is to decompose the terminal to cells. Cellrds by using a computer terminal. Their main advantages
are basic building blocks of the terminal, and are described bympared to traditional check—in counters are their lower cost,
their types and parameters. Their type (e.g. check-in countas, they can operate without using human resources, and their
security screening etc.) defines how they affect passenger flowgderate floor need. However the procedure of self—service
while their parameters can be used to adapt the given genefack—in for one passenger might need more time compared to
model to the properties of the given terminal. Each cell has theck—in counters providing assistance of a trained employee,
internal model, depending on its type, which can be defindoe high number of kiosks can reduce the average waiting
in various ways. Formally, internal models of cells can béme. Similarly to check—in counters, a waiting time and the
collected to the set, and its elementd/; € M depend on number of operating kiosks can be used as parameters.
the chosen modeling method, edy; is a set of difference  Since the handling of baggages is generally not possible at
equations when using store—and—forward models, or a Pewif—service check—in kiosks, passengers with hold baggage
net when dealing with Petri net models. have to pass to one of the baggage drop—off counters, where

Independent from the modeling method used, a cell can theey can check in their luggage. As it is a relatively fast
formally defined a<”; = (M;, P;), where M, is the internal procedure, one drop—off point is capable to handle the output
model of cell dynamics while®; = (p; 1,pi 2, .. Din;) iS the of many check-in kiosks. Parameters associated to drop—off
set of the parameters associated to the cell withas the points are the time of the drop—off procedure and the number

Il. CELL-BASED MODELING OF A PASSENGER TERMINAL

A. Cell-based modeling
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of countersin operation. Passengers without hold baggage can !

Shop #1
pass by the drop—off counter, so they are handled faster. Check-in P \
3) Security screeningAfter checking in, passengers have Boarding
C e

Securlty
to go through a security screening, where they and their carr screen.ng—) Hall =" te

Floor plan of a simple terminal

@ @

A. Modeling background

on luggages are searched for security threats. Depending Self-servic
the regulations, the screening procedure might take severa check-in Shop #2(_J
minutes, so these checkpoints are common bottlenecks of L
passenger flows. To the security screening the number of
checkpoints in operation and the time of the screening pr%g L
cedure can be associated as parameters.
4) Hall: The hall serves as an area for passengers to move
between other cells, therefore its parameters, corresponding @
to the time the passengers spend there, can significantly
affect the passenger flow. These parameters depend largely @
on architectural factors (i.e. floor plan of the terminal), which
can hardly be changed.
5) Retail unit: The importance of retail units like shops/9-2- Flow graph of the terminal
cafes, restaurants is rising as airport terminals are becoming
not only transportational, but also commercial facilities. Beside
affecting the passenger flow significantly, their rental feeosassengers leing the check-in counters proceed to security
provide an important income to the airport operator, so theifeening, l.eCs. Branching rates, which are not zeros, are
modeling is of paramount importance. After entering a retaffVe" by Table Il.
unit, passengers usually spend some time browsing amongst
the goods or studying the menu, and then decide to become lll. STORE-AND-FORWARD MODELS
customers or not. In the former case, passengers proceed tgtore-and-forward models are widely used in urban and
the cashier’s desk, while in the latter case, they leave the ce@lighway traffic modeling and control [7], [10], [11]. However,
Parameters associated to retail units are the capacity of he versatility of the models allows their easy adaptation to
given cell, the browsing time (time spent before deciding {9assenger flow modeling needs.
be actual customer or not), customer ratio (ratio of passengers
becoming actual customers), the number of cashiers desks in
operation, and the length of the payment procedure.
6) Boarding gate: Boarding gates are the exit points of The store—and—forward models use difference equations to
the passengers from the terminals. Passengers gather atdgferibe the evolution of cells. Since these equations are well
gate area, and after boarding, they leave the terminal one kfipwn formalisms of mathematics and control engineering, the
one. Parameters associated to the boarding gates are the thefleling procedure is familiar to system engineers. However,
capacities and the time of boarding procedure. on the other hand, they might be hard to understand for airport
professionals.
Due to the use of difference equations, store—and—forward

C. Example models are sampled ones. It means that the state of the cells

Figure 1 shows the floor plan of the departure side ofia refreshed synchronously, at time instances defined by the
small airport terminal, which will be used to evaluate thglobal sampling tim&’. The synchronous property allows the
methods presented in the forthcomings. Beside the checktining of the simulation: by choosing a large sampling time,
counters, the airport operator provides a self—service cheake model will be less accurate but can be simulated faster, on
in area with check—in kiosks and a baggage drop—off counttre other hand, small sampling time results in higher execution
After the check—in procedure, passengers proceed to secusiitye but detailed results.
screening. Screened passengers arrive to the hall, where they
can choose to visit one of the two shops, or proceed directly
to the boarding gates. It is assumed that passengers pass only

Cell number  Cell type

towards the boarding gates after the announcement of call for Co Generator _ _
boardin C1 Traditional check—in (check—in counters)
9. . L . Co Self-service check-in
The flow graph of the terminal is illustrated by Figure 2, (check—in kiosks and baggage drop—off)
with the cells listed by Table I. Note that the cél}, is not Cs 56ﬁurity screening
a real cell, it only represents the passengers arriving to the g‘; gﬁop #
terminal, and used to be coherent with the notations. The Cs Shop #2
branching rates3(0,1) and B(0,2) therefore correspond to Cr Boarding gate
the ratio of passengers choosing traditional or self-service TABLE |
check-in procedure. For exampl&(1,2) = 0, since there CELLS OF THE EXAMPLE

is no arc leading ta@’; from Cy, while B(1,3) = 1, since all
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Parameter  ®lue

The processingspeed of a cell might depend on many

B(O,1) 0.6 factors corresponding to the given cell. These factors can
E(ﬁ’? f-“ be divided into two groups, namely constant parameters and
BE2’3§ 1 decision variables. Constant parameters depend only on the
B(3,4) 1 model and they can not be changed on-line, i.e. during
B(4.5) 0.6 if t <tpoarding the simulation. Factors like the area of the check-in zone
0 it = thoarding or the processing time of a security screening checkpoint
0.35 ift< tboa’r‘ding . .
B(4.6) 0 it £ > thoarding correspond to the layout and operational rules of the terminal,
0.05 if t < tpoardin so they are considered to be constant parameters. On the
B(4,7) 1 if 3 poouTding > i ) )
It > thoarding other hand, decision variables can be changed on-line, i.e.
TABLE |I during the simulation, which allows the use of different control
NON-ZERO BRANCHING RATES OF THE EXAMPLE strategies. These decision variables represent the way how

airport operators can influence the passenger flow. Factors
like the number of check—in counters or security screening
checkpoints in operation are considered as control variables.

For each cell, an input queue and a functional unit is defined.rormally, the processing speed of a a6ll, depending on
The functional unit represents actions taken in the current cglkse factors, is

(e.g. screening of passengers, sell of goods at a store), while

the input queue represents passengers waiting for the given wi(k) = fi(zi(k), pirs -+ Pimyy dins - -5 diny), (4)
action. ~ wherep;i, ..., pi, are the constant parameters associated to
The general store-and-forward model of the @@l is the cell, whiled,,...,d;, are the decision variables corre-

defined formally as follows: sponding to the cel’;. Note thatf; can be any arbitrary pos-
Tik+1) = z(k)+T Y B(,i, k)u;(k)— itive semidefinite nonlinear function. However, the processing
' ’ j T speed of a cell is zero if all of its drain cells (i.e. the cells to
=T B(i, j, k)ui(k) ) which the output of the given cell flows) are saturated, so the
J processing speed is given as
zi(k+1) = max(min(Q;,T;(k+1)),0) 0 if Vj:B(i,j) #0,z;(k) > Qk )
wherez; (k) is the state of the given cell, i.e. the number of u;(k) otherwise

passengers in the cell at the time instah@ B(i, j, k) is theé  according to the definition of occupancy and processing

branching rate of passengers leaving ¢efind entering cell speed, the parameter set of the e@llcan be formally given
J- The parameter; (k) represents the processing rate of thgg p. _

3 i~'~7im7di7"'7din-

cell 7 in passengers per minute (PAX/min). The first equation (pu b ! )

descr:pes lthet numbe_rtrc])f pflssengderg in the given (t:elll a:t thehri@.xtCe” models

sampling instance without considering any constraints, while .

the second equation assures that the number of passen elr%th? f(;llowlngls, stor.et—anlfi—forwgrd models of the cells the
in the cell will be between zero and the capacity of th xampie termina COI’ISIS.S of are given. .

cell, denoted byQ,. For the reason of simplicity, the time- 1) Check—in countersThe overall processing speed of the

dependece of branching rates will be omitted in the l‘olIowing%{/‘sefmt,zler (_)fthChe(r:k_m (i::untersdat fthe itr?r:nmal rc:te;:e?dstﬁn
However, if one of the drain cells is saturated, passeng(grs0 actors. the processing speed of a single counte ('.6' €
ber of passengers checking in at a single counter in per

might choose to pass to another, not saturated cell accessi . ? )
g P Inute) and the number of check—in desks in operation. The

from the given cell. Therefore the actual branching rate c i .
be expressed by %rmer factor will be denoted by,; while the latter byd, ;.

The processing speed of the cell reads

fre s _ 0 if B(’i,j)zo\/l'j ZQJ . ray(k) .
B'(i,j) = { B(i,j) otherwise (k) = min( 22, piidiy)  if 23(k) < Qs )
— b 0 if z3(k) > Qs
B(@) - %: B'(i.7) The first equation defines the normal operation, while the sec-

ond expresses that processing speed of the check—in counters is

e BGi) i B, >0 zero if its output cell, the security screening is fully saturated.
B*(i,j) = OB(Z) otherwise Then, by denoting the arriving passenger flow:byand the
) rate of passengers choosing traditional check—inHAg9,1),
Then thestate equation of the cell can be rewritten as the state equation of the check-in cell reads
_ o (5 e (1) T1(k+1) = (k) +TB*(0,1)v(k) — Tui(k)
Ti(k+1) = =z;(k) —&-T;B (i, 5)u;j(k) . B . ()
TS B i, fui(h) 3) z1(k+1) = max(min(Q1,Z1(k+1)),0)
’ Note thatthe factorB*(1,3) = 1 has been omitted at the last
zi(k+1) = max(min(Q;,T;(k+1)),0) term of the first equation.
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2) Self—serviceheck—in: To calculate the processing speed 4) Hall: The hall serves as an area for passengers to move
of the self-service check—in area, parameters including thetween other cells, therefore its parameters correspond to the
average processing speed of a check—in kiosk)(and a speed of passenger flow. Parameigr denotes the minimal
baggage drop—off counter«3) have to be considered. Thesespeed of flow (in PAX/min) in case the hall is saturated, while
parameters have to be carefully approximated as they depenglicorresponds to the maximal free flow speed. Parameter
largely on the expertise of the given passenger. Another imtescribes the limit of free flow, i.e. the number of passengers
portant parameter is the ratio of passengers with hold baggageder which the flow speed is considered to jyg. The
denoted bypss € [0, 1]. Decision variables corresponding tgprocessing speed of the hall is as follows:
the self—service check-in are the numbers of check—in kiosks
and drop—off counters in operation, denotedddy and dss,

respectively. uy(k) = pa+ [1 — sl =pus0) | (5 — pyy)
Since not every passenger has hold baggage, i.e. not all

of them will pass to baggage drop—off, the cell should be 0 if z5(k) > Qs A z6(k) > Qs

decomposed to two sub—cells, one corresponding to the check, k) = Nz7(k) > Qr

in kiosks, and the other to the drop—off counters. Variables (k) otherwise

corresponding to these two sub-cells will be denoted by the 4 (13)

indices 1 and 2, respectively. The output flow of the cell is the,g equationmbove assure that until reaching the number of
sum of the output of the baggage drop-off point and the outpl free—_flow limit, the hall will operate with its full processing
of the check—in kiosks weighted by the ratio of passengel§eeq. Then, being populated between the free—flow and its

without hold baggage. However, since the queues passengef$iration limit, the processing of the hall speed decreases as
form can occupy the space allocated to the self-service chegks number of passengers increases.

in zone, no individual capacities are assigned to the sub-ceIIsTh , fth I q
Therefore, the processing speeds of the subcells and the self- e state equation of the cell reads
service check—in cell reads

Y (k:) _ min(rll(k) pord ) f4(k + 1) = 3?4(]{3) + TU3(]€) - TB*(4,5)U5(]{;)_
2,1 = pardn @® ~TB*(4,6)uq(k) — TB*(4, T)uz (k)
upa(k) = min(222E poydyy) za(k+1) = max(min(Q,Z4(k +1)),0)
(14)
us(k) = { (1= pas)uz,1 (k) +uz 2 (k) '; 14(112) ; Q4 5) Shop: Passengers entering a shop might become cus-
0 it 24(k) 2 Qs tomers or just look around and leave without buying anything.

Therefore, like in the case of the self-service check—in, the

The state equation of the subcells and the cell reads e .
gueue of the cell is divided into two queues, namely of

Toa(k+1) = a21(k)+TB*(0,2)v(k) — Tuz,1(k) the passengers browsing amongst the goods )(@and the
Toolk+1) = k) 4+ T k) — T L passengers waiting at the cashier’s deskojz All passengers
T2 ) 72.2(k) pastiz (k) uz2(k) entering the shop are addedag; and stay there for a given
Ta(k+1) = xa(k) +TB*(0,2)v(k) — Tua(k) time, representing the activity of looking around in the shop.
za(k+1) = max(min(Qs, Ta(k + 1)),0) Then, a given ratio of these passengers, who become actual

(10) customers, are put intos 2, while the others leave the shop.

3) Securityscreening: The only parameter corresponding! he ratio of customers is defined bys € [0,1]. Processing
to the security screening zone is the processing time of theeed of a cashier is given by, (PAX/min) while average
screening procedureys;. The airport operator can decide tdime spentin the shop in sampling times is definegbhyy The
open or close checkpoints, so the number of checkpointSQﬂCiSion variablel;; denotes the number of cashier’s desks in
operation is considered to be a decision variable, and will B@eration. The processing speed of the shop is as follows.
referred to asis;.

The processing speed of the security screening cell reads

min(xgj(“k) 7p31d31) if I4(k) < Q4 (11) (]_ — p53)w
usz = .
0 if 24(k) > Qq usa(k) = . if k> floor(psa) Axy < Q4
The number of passengers in the security screening zone can otherwise
be computed as follows:
Z3(k+1) = z3(k) +T(u1 +u2) —Tus 12) min (%mmdm) (15)
z3(k+1) = max(min(Q3,T3(k+1)),0) us2(k) = 0 if 24 < Q4
Note thatsince the security screening is the only drain cell of otherwise
the check—in cells and it emits passengers only to the hall, the
branching rates can be omitted in the state equation. us(k) = (1 —ps3)us(k) +us2(k)

Issue 6, Volume 6, 2012 533



INTERNATIONAL JOURNAL OF MATHEMATICS AND COMPUTERS IN SIMULATION

Then thestate equation of the cell reads of transitiont; if Post(p;,t;) > 0. In order to describe the
_ _ N B relations in a more compact form, the mappitys: and Post
Toalk+1) = iofik) (J;:)TB (4, 5)ua(k) can be given by the input and output incidence matrides,

51 and/ ™, respectively. The elements of the matrices@jrtje) =
Tsa(k+1) = x52(k) + Tpssus,i(k)— 16 Preit;) andI’ . = Post(p;,t;). The matrix/ = I*—1~
=T1,5,2(k) (18)  will be referred t as the incidence matrix of the net.
Ts(k+1) = Tsy+Tse Dynamics of Petri nets are connected to the firings of

transitions, which might (and usually) change the marking
r5(k+1) = max(min(Qs,T5(k +1)),0) of a net. A transitiont; is said to be enabled, ifn; >

6) Boading gate: The only parameter of the boarding! 7¢(P;:ti),Vp € P, i.. if each of its input places contains
gate is the speed of the boarding (jin PAX/min) and the at least as much tokens as the weight of the arc leading from
corresponding decision variable is the number of the attendaftt&® fi- The enabling degree of a transition is the number
handling the boarding procedure (). e; = fIOOI’(Ir.n.n(mj/Pre(pﬁti)) : Pre(pj,ti) > O), i.e. the

Since passengers arriving to the gate can leave only towafgnber of firings allowed by the marking of its input places.
their flight after the boarding time and stay at the gate unfin enabled transition; might fire, which means that it takes

the boarding, the processing speed of the cell reads away Pre(p;, t;) tokens from each of its input plagg and
placesPost(p;,t;) tokens to its output places, thus changing

0 if k< % the marking, i.e. the state of the net. If transitions firing at a
ur(k) = min(z7(k) pridyy) i k > Thoarding A7) time are assembled to a firing vector= [s;]7 with s; is the
T - r number of firings of the transition; (note that a transition
Then thestate equation of the boarding gate is as follows mjight fire ¢, times simultaneously), then the marking after
= _ * _ firing is given by
.137(k' + 1) 1‘7(l€ + 1) +TB (4, 7)11,4 TU7 (18) m, —mt [S, (19)
z7(k+1) = max(min(Q7,Z7(k+1)))

which means that the dynamics of Petri nets can be expressed

IV. PETRI NET MODELS as linear equations.
It is possible that two transitions; and ¢, are enabled

Petri nets [6] are used widely for modeling and controlling;, \taneously, but their simultaneous firing is not enabled,
concurrent systems from manufacturing lines [5] to trafflg_g_ they share a common input plage such thatm; >
networks [19].. Petri _nets allow the simulation of variou%re(phtj) andm; > Pre(pi,tx) but m; < Pre(p;.t;) jr
systems by using a simple token game. Pre(p;, ty). This situation is called a conflict, and needs to be

handled. One of the possibilities to overcome conflicts, used in
A. Modeling background this paper, is to choose the firing transition in a random way.

Petri nets are bipartite directed graphs, and its nodes ¢aPropability P(;), corresponding to the branching rates, is
be divided to the sets of places and transitions, which fasigned to each transition, and the transition to fire from a
connected by weighted arcs. To each place, a marking G¥flicting set is selected according to it.

nonnegative integer number) can be assigned and the stattMe: Which plays paramount importance in passenger flow
of the Petri net is represented by the marking veator= modeling, can be included to Petri nets in two ways. T-timing

[m:]” consisting of the markings of each state. Graphic means that a delay is attached to each transition, while P-
representation of Petri nets uses circles for denoting p|aélé‘§'”9 deal_s with delays associated to plac_es. In this paper,
and bars for denoting transitions (see, for example, Figure 3)€ atter will be used (however, note that P-timed and T-timed
Directed arcs are evidently represented by arrows with th&FU Nets can be converted to each other), and a (possibly
weights written next to them (omitting the weight correspond€r©) sojourn timer; > 0 is associated to each placg If

to an arc with a weight of one). The marking of a statd ©oken is added to the place at time ¢ by the firing of

is represented by drawing an adequate number of tokghdransition, it is not gvgllable for firing (|..('a. it can not be
(filled circles) inside the symbol of the state. When modelinf;ounted when determining enabled transitions) prior to the

passenger flow, tokens might represent either passengerdBf ¢+ 7i- The sojourn timer; might also be stochastic, and
resources, depending on the place they are associated to.WI” be represented by its lower and upper bounds in this paper,

Formally, a Petri net can be described by a 5-tuple— between which the actual value will be generated according

(P, T, Pre, Post,my), whereP is the set of places[ is the to normal distrib'u.tion. Att = 0 all tokens are considered to
set of transitions WittPNT = 0, Pre : PxT — N andPost : € enabled for firing.
P x T — N are the input and output incidence mappings and
me is the initial marking. B. Petri net models of cells

Input and output incidence mappings define the weight of In the followings, the Petri nets of different cell types the
the arcs form places to transitions and vice versa, respectivelyample terminal consists of will be given. In order to carry
The placep; is said to be the input place of the transitionif out the simulation, these models have to be interconnected
Pre(p;, t;) > 0, i.e. there exists an arc with a weight of at leasiccording to the flow graph of the terminal. To do so, input and
one fromp; to t;. Similarly, the placep; is the output place output transitions of the neighboring cells have to be merged.
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Fig. 4. Petri net model of the check—in counters

Fig. 3. Petri net model of the generator

ts

()
C,tl t ts
In the following figures, the input and output transitions
are denoted by gray color, and places of neighboring ce@ H— H—{—
connected to these transitions appear also in gray. ] C’
1) Generator:In order to simulate the arrival of the passen- @ ( . _)3
—()

gers at the airport, the net representing the terminal is extended

by a generator celly. Illustrated by Figure 3., the tokens v |
representing passengers enter the terminal by trangitidrne {

firing of t3 removes a token from plagey (m4o = 1), but te )

beside placing a token t@;, it immediately replaces the token
atps. The next time; will fire depends on the sojourn time, Fig. 5. Petri net model of the self-service check—in area
so it can be used to define the density of passengers arriving
to the terminal. Fronps, tokens proceed through transitions
ts or tg towards the output places, andp3, respectively. By , . Note thatthe firing of £ requires also a token af, i.e.
setting the probabilities of transitiorts and tg, the ratio of 3 free place in the queue of the next cell.
passengers choosing traditional or self-service check—in cam) self-service check-inThe model of the self-service
be given. check-in area (see Figure 5) is similar to the one of the
The other part of the net is responsible for enabling the igheck—in counter. However, in this case there are two queues.
flow of passengers only for a given time. The initial markingsassengers waiting in the first queue are represented by tokens
aremyo = 1, mao = mso = 0, therefore transitiort; fires 4t ), while the self-service check—in procedure is taken place
at timet = 0, and tokens are placed & and ps, making 4t p, (note that marking op; corresponds to the number of
the firing of transitiont; possible. As the sojourn time of free check—in kiosks). However, from,, the tokens can be
ps is zero, the time tokens are removed frgm and p2 IS moved by two transitiong; andts. The former corresponds to
determined byr,. It means thats is enabled periodically in the flow of passengers with hold luggage, who proceed to the
the time intervalsinr,nm + 72),n € N. Thus, by setting queue of baggage drop—off{p The handling of baggages
e.g.71 = 30 min, » = 120 min and the simulation time to jg represented by the plage, while pg corresponds to to
150 min, passengers will enter the terminal in the first 12fhe number of free drop—off counters. Tokens representing
minutes. _ _ ~ passengers with hold luggage proceed framto the output
2) Check—in:The model of the check—in counters, depicteg|zce p, through transitionts, while passengers with only
by Figure 4, represents a multi-server queue. The moqQglpin baggage pass directly fropy to the output place
contains two capacity-places, nameby with its marking through transitiort.
corresponding to the number of free check—in desks, andparameters corresponding to the average time of the check—
ps With its marking denoting the number of free placeg, gng baggage drop—off procedure are represented by the
in the queue. The initial marking of these _places therefog%joum timesr, and4, respectively. The number of check—in
corresponds to the parameters of the check—in anga:gives  kiosk and baggage drop—off points can be given by the initial
the number of check—in counters in operation, whi€,0  markingsms o andme,o, while the capacity of the self-service
denotes the maximal capacity of the check—in area. check—in area is specified by . The ratio of passengers

Passengers enter the banking queue of the check—in counff§ or without booked luggage can be set by the probabilities
through transitiort,, which is only enabled if there is at leastp(;,) and P(t4) of transitionst; andg.

one token atp,, i.e. the area is not saturated. The marking
of placep; represents the number of passengers waiting in
the queue, who can proceed to the check—in procedure of

one of the counters is free, represented by the presence of t
a token afp3. Tokens atp, correspond to check—in operations @
in progress, and the length of the check—in procedure can @

be given by the sojourn time,. Finishing the procedure is
represented by the firing of the transitiofy which places a
token tops (meaning that a counter has become free)pto
(i.e. a passenger has left the queue) and to the output pldde,6. Petri net model of security screening
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4) Securityscreening: As shown by Figure 6., the queue
of security screening is represented by the placewhere
tokens can pass through transitign guarded by the capacity
place ps. The screening procedure is representedppyfed
by the transitiont,, needing also a passenger in the queue (a
token atp;) and an available screening checkpoint (a token
at p,) to be fired. The end of the screening procedure is
represented by the firing of transitiog, placing a token ap,
denoting that a checkpoint has become free and another token
to p3, representing the benches where passengers pack their
baggages, put on their shoes and belts etc. after the screening.
Note_thattg is guar_ded by the capacity plagg, with its Fig. 7. Petri net model of the hall
marking corresponding to the free places at the benches area.
After a short time passengers leave the security screening zone,
represented by transitiofy, placing tokens also to capacity te ls

placesps; andpg. @ (2) ” @
The capacity of the security screening zone and the benches e (H pN

can be given by the initial markings:s o and mgo, re-

spectively, whilem, o corresponds to the number of security (Pe) () =) —

screening checkpoints in operation. Parameters of the screen- b2 ta

ing procedure and behavior of the passengers are represented PN |'| p

by the sojourn times,; and 3. @_} &y |_| @
5) Hall: The Petri net model of the hall is depicted by

Figure 7. Tokens representing passengers enter the hall through

transitiont¢,, guarded by the capacity plage. As the hall Fig. 8.

serves as a lobby for accessing other cells, tokens at place

p1 might leave the cell through various transitions (for the

sake of simplicity, only two of such transitions are present at i . ,
Fig. 7, however, the arcs of the transition leading to Sh(;B buy something (transitiors) or to leave the shop without

#2 is similar to the one leading to Shop #1, ifg). The becoming actual cust_omers (transiti). Former passengers
difference between the output transitions and ¢; is their Proceed to the cashier queue, represented by piacdhe
availability in time. Placegs, p; andps realize an enabling Pyment procedure is modeled by plasg which can be
subnet, similar to the one of the generator. Its role is fgached through transition, requiring also a free cashier's
enable the transitions towards the shop cellsaftthe figure) desk (token aip;). After the payment, tokens reprgsentmg
only until the boarding is announced. Prior to the call fopaSSengers are transferred to the pLﬁ;erand the marking of
boarding, passengers might pass towards the shops or the §ats increased to denote that a cashier’s desk h_ave been freed.
(represented by transitioris and t», respectively) according FfOM p2. the tokens can leave the cell throughif the hall
to the prescribed probabilitie®(t;) and P(;), but after 'S Not fully saturated.
the boarding call they proceed to the boarding gate with aParameters of the shop include its capacity (initial marking
probability of 1. mg,0 and the number of cashiers (initial marking, o). The

The capacity of the hall can be defined by the initial markingme payment takes can be specified by the sojourn time
of p», while the probabilities of transitions, and ¢; (and While the ratio of the actual customers can be set by assigning
possibly others) are set according to the corresponding brangfpropriate probabilities to the transitioisand ;.

ing rates. The average time spent at the hall is represented
?Ié >
1 {5

Petri net model of a shop

(72)
be marked to enable the transitiop (and possibly others) ~
at the time interval0, T.qi;), whereT,,;; is the time of the t1
announcement. The initial markings should be set$q = 1,
map = mso = 0, and since transitiony is enabled at = 0, @
the token a3 will be immediately removed, and tokens will
be placed ap, andps. The sojourn timers should be set to
the length of a boarding call; according to the time between
the boarding calls ands = 0.

6) Shop: The model of a shop is shown by Figure 8. The ta
entry of passengers to the shop is represented by transition
t1, guarded by the capacity plagg,. Tokens at placep;
represent passengers browsing in the shop, who might dediide®. Petri net model of the boarding gate

by the sojourn timer;. The placeps of the enabling subnet

is marked during the boarding call, whijg, and ps; should D5
t2
o]
(2:)
(r©
. I(J
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Parameter

Value

Description

7) Boading gate: As shown by Figure 9, passengers ar
riving to the boarding gate are represented by the marking

Incoming flow

of placep;. The boarding procedure is modeled by the places ; :Eggm:gg g:zzggg;rﬂgg’w(i’ﬁzgmé S }ggg
p2, Which needs additional resources (i.e. an attendant) beside checkain :
the passenger itself, represented by the tokens.alokens 05 Procesing speed of a counter
representing boarded passengers are collected to the drﬁﬁ 3 Number of counters in operation
placep,. Note that passing the tokens frgmto ps is possible @, 50 Capacity of the check—in (PAX)
through transitiorts, guarded by an enabling subnet (places Self-service check—in
D6, D7, Pg). This subnet allows the firing af only if there is  ,,,; 0.4 Procesing speed of a check—in kiosk
a token atpg, corresponding to the fact that the boarding isp22 (1)7 Eraotci:(;eszing Ssszenedefsf \;avitc:]rc?]po—lgffbgou;teé
allowed only in a predefined time window. The initial milrklng flzi 3 Number ot ohomgts Opé’r%ti%n
of placesps and p; are mgo = m7o = 1, while mg (=0, dao 1 Number of drop—off counters in operation
allowing transitionts to fire att = 0, thus disabling the firing _Q2 30 Capacity of the self-service check-in area (PAX)
of t5. The transitiont, will be enabled again only after the Security screening
sojourn timerg, for the time period defined by; (75 = 0). P31 0.8 Procesing speed of a checkpoint

The capacity of the boarding gate and the number offs1 3 Checkpoints in operation
attendants handling the procedure can be given by the initiaf? 20 Capacity of security screening (PAX)
markingsms o andms o, respectively. Timing of the boarding . Hall
can be specified by the sojourn timgsandrs, while the time ii; g E:gg%sc')c\?ssppeee%d of saturated hall
the procedure takes can be givenhy Pas 50 Limit of free flow (PAX)

Qu 200 Hall capacity (PAX)
V. SIMULATION RESULTS Shop #1

In order to compare the methods, the passenger flow of thes: 1 Procesing speed of a cashier
terminal presented in Section 1I-C has been simulated wit>2 (2)3 Eg‘;;sggcﬂgmgéamples)
the same parameter settings using both store—and—forward aﬁﬁ 2 Number of cashiers’ desks in operation
Petri net models. Qs 80 Capacity of Shop #1 (PAX)

The length of the simulation was chosen to be 240 minutes. Shop #2
Passengers arrive to the terminal at the first 150 minutes, ang, 0.3 Procesing speed of a cashier
the incoming flow is 3 passengers per minutes. The boarding> ég E{;‘Jt‘{‘ési;‘fgcﬂgiﬁgr:amp'es)
call is active from¢ = 120 minutes, but the boarding procedure ng 1 Number of cashiers’ desks in operation
starts att = 130 minutes. Qs 20 Capacity of Shop #2 (PAX)

It is assumed that 60% of the passengers choose traditional Boarding gate
check—in at one of the counters, while 40% prefers self-servicg,, 3 Procesing speed of boarding
check—in. The ratio of passengers with hold luggage is 70%is1 2 Number of attendants at boarding

Parameters of the store—and—forward and Petri net models af& 120 Capacity of the boarding gate (PAX)
given by Table Il and 1V, respectively. In case of paramteres TABLE 1l
of the Petri net models, the first indices denote the cell, while PARAMETERS OF THE STOREAND—FORWARD MODEL (PROCESSING
the second indices correspond to place and transition indices SPEEDS GIVEN INPAX/MIN)
of Sections IV-B.1 — IV-B.7.
The occupancy of cells, i.e. number of passengers in the
cells is shown by Fig. 10 and Fig. 11 for the store—and—forward
and Petri net models, respectively. Flow rates of the store—anthis fact corresponds the parameter set as an average of 3
forward model are depicted by Fig. 12 while Fig. 13 showgassengers arrive per minute, of which 60% proceeds to the
the flow rates based on the simulation of the Petri net mod#Rditional check—in, but the three counters in operation can
Looking at the figures, it can be observed at first sigftandle only 1.5 passengers per minute. Therefore, the queue
that shapes of the plots are similar, but there are some mi@éthe check—in fills up, and it gets saturated at arausrdl40
differences. First of all, results of the Petri net simulation shominutes. Then, as no passangers arrive ftom150 minutes,
oscillatory behavior, while curves presenting the results #fe occupancy of the check—in decreases to zero.
the store—and—forward model are smooth. This phenomenorOn the other hand, plots show that even self—service check—
results mainly from the fact that store—and—forward modeis is slower that the traditional one, three kiosks and a single
are sampled ones, i.e. the occupancy of cells are calculabedigage drop—off counter can handle the incoming flow of
at discrete time instances, and curves are displayed usingpassengers. The store—and—forward model shows a constant
interpolation between sampling instances. On the other handcupancy betweeh= 10 min and¢ = 140 min, and the plot
the Petri net model is an asynchronous one with stochasticthe Petri net simulation oscillates also around the value
sojourn times, so the change of markings caused by afl 10. However, att = 140 minutes, there is a significant
aperiodically fired transitions are shown by the plots. peak at the occupancy plot of the store—and—forward model.
Plots corresponding to the check—in cell show that passéiie reason for it is the saturation of the traditional check—
gers are handled slower at the check—in counters as they arrimecell, which causes that all arriving passengers pass to
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Parameter _¥lue GDESC”TI'O” is working on its limits, it does not get actually saturated.
enerator The difference between the two results is also related to the
mo1,0 1 Initial marking of po1 ; :
mM04,0 1 Initial marking of po4 different philosophy of the two approaches.
701 90 min Sojourn time 0po; The plots of the hall corresponding to the two methods show
T02 150 min Sojourn time opo2 N . . .
Tos [10,30] sec Sojourn time gfoa significant differences. Although the figures corresponding to
Check—in the two methods both show the increase of occupancy from
mis.0 3 Check—in counters in operation the t_)eglnnlng of the_3|mulat|on with a notable pea_\k around
mi4,0 50 Capacity of check—in the time of the boarding call, the slopes and numerical values
12 [90,150] sec _ Length of the check-in procedure are different. The reason for these differences is that in case
Self-service check—in of the store—and—forward model, the processing speed of the
m25,0 3 Check-in ;ioskaifn operation hall depends on the number of passengers in the cell (see
m26,0 1 Baggage drop—off counters in operation : . ; : : ;
o 30 Capacity of self-service check—in Section Il B.4), while the sojourn times of the_Petrl net model_
o5 [100,200] sec  Length of self-service check—in are independents from the occupancy. Looking at Fig. 12, it
T4 [30,90] sec Length of baggage drop—off can be seen that the processing speed decreases a0
Security screening min, where the occupancy of the hall passes the limit of free
mM34,0 3 Checkpoints in operation flow, i.e. passenger can pass by a lower speed. The peak at
35,0 3 Number of benches _ aroundt = 130 minutes corresponds to the announcement of
ms3e6,0 50 Capacity of security screening he b di Il As d ibed ab d
o [60,90] sec Length of the screening procedure the boarding call. As described above, passengers are assume
T33 [30,60] sec Length of arrangement after screening  t0 proceed to the gate after the boarding call and not pass
Hall towards the shops. Since the capacity of the gate is limited,
ma2.0 200 Hall capacity many of them have to stay in the hall for a while.
m43,0 1 Initial marking of p43 . . .
a1 [8,10] min Time spent in the hall Clearly, the passenger flow of the hall influences its neight-
743 120 min Sojourn time 0p43 bouring cells. Both methods show that the number of passen-
T45 120 min Sojourn time opys : ; ;
gers at Shop #1 increases, and due to the differences in the
Shop #1 _ _ _ processing speed of the hall, results of the Petri net simulation
55,0 2 Number of cashiers’ desks in operation  eyen show saturation behavior. Shop #2 has a much lower
mse6,0 80 Capacity of Shop #1 . . | il th
o [300,900] sec  Browsing time capacity, so it gets saturated early, and stays saturated until the
Tsa [30,90] sec Length of payment procedure boarding call, from when no passengers arrive to the shops.
Shop #2 .
L N T) ¢ cashiers’ desks | ) As 5% of the passengers proceeds towards the boarding
mes,0 umber of cashiers’ desks in operation P
meeo 20 Capacity of Shop #1 gate when arriving to the h_all, thg occupancy of. the gate
T61 [200,400] sec  Browsing time starts increasing from the first minutes of the simulation.
T64 [100,300] sec _ Length of payment procedure However, as it can be clearly observed on the plot of the store—
Boarding gate and—forward model, the slope changes significantly after the
m73.0 2 Number of attendants at boarding announcement of the boarding call. Since from that time 100%
m75,0 120 Capacity of the boarding gate of the passengers pass towards the hall, its occupancy rises
m76,0 1 Initial marking of pr¢ . . .
m77.0 1 Initial marking of pr- near the I.|m|t of saturation. In case of the Petri net model,
T2 [10,30] sec Length of boarding procedure the boarding gate itself gets saturated, and since passengers
7 110 min Sojourn time 0pr7 from the hall take the place from those who board the airport,
8 130 min Sojourn time oprg R . .
the cell remains saturated until aroum@> minutes. On the
TABLE IV

other hand, plots of the store—and—forward model show that
the decreased speed of passenger flow of the hall prevents
the boarding gate from being saturated. Moreover, since the
boarding speed is higher than the processing speed of the
I, the occupancy of the gate shows a decreasing trend
m ¢ = 130 min. However, as passengers leave the hall,

PARAMETERS OF THEPETRI NET MODEL

the self-service check—in zone. Also the security screeniB%

cell saturates at = 140 minutes, so passengers can nQ . X .
leave the check—in zone, increasing also its occupancy yProcessing speed rises, and when it reaches the speed of
’ arding, the occupancy of the gate start rising again.

leading to a transient decrease of processing speed to z o
Due to its asynchronous and stochastic properties, the Petri neSimulations were carried out in Matlab environment. The
model does not show such abrupt changes, but an increasgdulation time was 13 milliseconds for the store-and-forward
occupancy can be observed in the periodi 6 120 — 150 model and 12.41 seconds for the Petri net model on a laptop
minutes. computer with an Intel Core 2 Duo processor, which shows a

The bottleneck of the terminal is the security screening. Asgnificant benefit of the former method. Also, while the com-
shown by the plots, it can not handle the flow of passenggrstational time of the store—and—forward model depends on
checked in, and it gets to the limit of saturation. According tthe number of cells and the sampling time, the computational
the store—and—forward model, the cell gets actually saturatédhe of the Petri net based simulation depends largely on the
but the Petri net model shows that even the security screenmgnber of tokens, i.e. the number of passengers.
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VI. CONCLUSION [16]

Two methods for passenger flow modeling were evaluated
on the example of a small-scale terminal model. Results]
obtained by simulations based on store—and—forward and P té
net models are similar, however, some differences arise from
the details of modeling principles. The Petri net model is
more detailed, providing a way to include non-deterministf¢?!
timing parameters, but its computational need rises with the
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number of passengers. Store—and—forward models needs low 2012.

computational resources, however their accuracy is limitéaf!
due to their sampled behavior. Therefore a store-and-forward
model based simulation might serve for a draft macroscopic
evaluation of passenger flow, while final, accurate results
should be deduced from the simulation of the corresponding
Petri net model.

Such simulations might help airport operators to analyze
the passenger flow of the terminals, and to optimize routing
and resource allocation to improve the efficiency of passenger
handling. Future work includes evaluation of the methods on
large-scale models, and improving their modeling capabilities
by introducing variable step size for store-and-forward models
and colored Petri nets. By introducing cost factors, the study
of optimization methods adapted to passenger flow is also
planned.
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