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ABSTRACT

In order to satisfy the requirements of International Civil
Aviation Organization (ICAO) for aircraft taxi route planning
in Advanced Surface Movement Guidance and Control Sys-
tem (A-SMGCS), an airport surface operation modelling and
simulation approach based on timed and coloured Petri net
is presented. According to the layout of the airport surface
and the features of surface operation units, a static Petri net
model of the airport surface is established. On this basis, in
line with the requirements on the aircraft taxiing velocity in
ICAO DOC 9830, the dynamic Petri net model of the airport
surface operation is established by adding the time attribute
to the static model. Additionally, the method of defining the
capacity of airport operation unit place is proposed and the
constraints of the airport surface operation are incorporated
using Petri net elements. Unlike other papers in the field, the
airport surface Petri net model established in this paper can
simulate conflict-free taxiing using a Petri net simulator with-
out relying on other model-independent algorithms. Based
on the CPN Tools software, taking Toulouse Airport as an
example, the validity of the model has been verified by com-
paring the model running data with real flight data.
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1. INTRODUCTION

Airport is a complex system with a large movement
area. Under various control rules, the occupancy and
release of airport surface resources by aircraft change
at any time. Considering that there are usually sever-
al aircraft taxiing simultaneously at the airport, the
modelling and simulation of airport surface operation
should not only consider the static factors such as
distance and time of taxiing, but it should also avoid
conflict between aircraft in operation. Thus, it is diffi-
cult to describe and solve all kinds of problems using
a simple model.

Airport Collaborative Decision Making (A-CMD)
concept proposed by EUROCONTROL aims at improv-
ing Air Traffic Flow and Capacity Management (AT-
FCM) at airports by reducing delays, improving the

predictability of events and optimising the utilisation of
resource, which is divided in six elements: information
sharing, milestone approach, variable taxiing time,
pre-departure sequencing, adverse conditions, col-
laborative management of flight updates [1]. Consid-
ering microscopically, several taxiing time calculation
methods for different kinds of airports are proposed
in variable taxiing time part, while putting emphasis
on the accurate taxiing time estimation instead of a
taxiing route optimization, which is mainly the focus
of this paper. Besides, the “First Come First Served”
principle is replaced by a more efficient and optimal
departure order based on the traffic situation on the
apron in pre-departure sequencing part. However, only
the departure aircraft are taken into account as the
objects in sequencing.

Based on the collaborative decision-making con-
cept, multi-agent principle and game theory are ap-
plied to the research of ground operation modelling
and optimization. Aircraft (pilots), ground controllers
and operation controllers are described as agents by
Nakamura et al. and Tang et al. [2, 3]. The interactions
of aircraft agent with other agents in different states
from landing to take-off are modelled and validated.
Game theory is applied in Ribeiro’s research, in which
aircraft are represented as players in the negotiation
process for slot allocation in order to get the stable
departure sequencing [4]. The previous work con-
structs general frameworks of ground operation while
detailed implement approaches are ignored; for exam-
ple, the methods to plan a taxiing route. The overall
framework proposed by Ravizza et al. combines the
runway sequencing problem and the ground move-
ment problem, aiming for better global solutions [5].
A sequential algorithm is described based on the
graph theoretical concepts and can include several
restrictions. However, the definition that conflicts are
avoided by preventing any two aircraft from using the
same edge simultaneously is not accurate. Besides,
SIMMOD, which has been developed by the US Federal
Aviation Administration (FAA), is a widely used model
for detailed and dynamic simulation of aircraft oper-
ations [6]. It is a discrete-event simulation based on
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a node-link model of airfields. The event schedule is
determined stochastically with event queues without
checking the interface of aircraft in different path seg-
ments in lateral directions. These features can be lim-
itations of SIMMOD for simulating local interference of
aircraft precisely.

Petri net is a wildly used modelling method in the
field of automatic manufacturing, which is usually used
in flow control and workshop scheduling. The High Level
Petri net is an extension of the basic Petri net proposed
by Carl Adam Petri in 1962, and the Coloured Petri net
(CPN) is one of the High Level Petri nets [7-9]. It is a
graphical language for building models of systems of
concurrent and discrete events. The model is allowed
to use individual tokens, which carry valid information
to decide when to fire transitions, so that tokens may be
transferred in places with particular type, called colour
set, which is defined by the Standard ML functional pro-
gramming language. The CPN modelling based on the
state instead of event allows the creation of complex
models such as airport models. Aircraft arrival and de-
parture flows have been simulated in many documents
[10-14]. Among them, Davidrajuh and Lin studied air-
port planning in northern Norway by taking different air-
port flight data as the input of Petri net and examining
the Petri net operation condition [11]. Skorupski ran
Petri net with different input streams to estimate the
airport capacity and proposed to increase the capaci-
ty by sorting the flights [12]. Kovacs et al. studied the
effect of runway availability on airport capacity by com-
paring Petri net running conditions with different runway
closures [13]. Shortle et al. calculated the number of
runway conflicts using Petri net in order to estimate the
possibility of aircraft collision when landing [14]. Route
planning based on Petri net is a new idea. Dezani et al.
combined Petri net model with Genetic Algorithm (GA)
and applied it to urban traffic control [15-17]. The Petri
net model was used as a fitness function and the ur-
ban traffic flow was optimized by analysing the number
of vehicles in the traffic network at different moments.
Huang et al. solved the shortest directed path by us-
ing directed graphic and simulator of Petri net, but only
static properties were considered [18]. Wang et al. es-
tablished a Petri net model of airport surface activities
with related specifications. The static pre-selected path
was used as a feasible solution set to obtain the optimal
taxi path [19]. Tang et al. established the Petri net mod-
el of airport surface and described the runway capaci-
ty and conflicts condition by inequality constraints that
the model elements should satisfy. However, the con-
straints that should be satisfied when two aircraft are
approaching head-on and crossing were both described
as capacity constraints of corresponding units, which is
not accurate [20]. Zhu et al. built a surface operation
model by extended timed place Petri net and used GA
to solve it, then proposed a control strategy for taxiway
conflict [21-23].

In the previous research of airport surface modelling
by Petri net, some of them made full use of Petri net
inherent features but the airport operation flow model
was built without considering the layout of the airport
and the surface control rules. The taxi route planning on
an airport surface has not been studied. Although some
of them did research on airport surface route planning,
the applications of Petri net model were only theoretical
in nature, rather than effectively running in practice. In
addition, although Petri net was used to describe the
layout and taxiing rules of airports in theoretical re-
search, the representation of some constraints was not
accurate and the method to resolve conflict by Petri net
itself was not provided. In this paper, based on the air-
port surface layout Petri net model, the conflict-free taxi-
ing of aircraft is achieved using Petri net own elements
to restrain the aircraft taxiing.

The rest of this paper is organized as follows: In
Section 2, the model constraints are discussed. In Sec-
tion 3, according to the mapping relationship between
Petri net’s basic elements and airport operating units,
combined with the features of Petri net’s operation, a
static Petri net model of airport surface is established.
In Section 4, timed factors are added to the static mod-
el and a dynamic Petri net model of airport surface is
established while considering the capacity constraints
and airport surface operation rules. In Section 5, the
validity of the model is verified using Toulouse airport as
an example. Section 6 provides a conclusion.

2. MODEL CONSTRAINTS

In the following sections, an airport surface op-
eration model is built. It aims at seeking an optimal
solution for taxiing route combination of aircraft on the
surface, which is beneficial to the ground movement
optimization. Therefore, this paper focusesmainly on
the modelling and simulation of free-conflict taxiing of
aircraft in respecting the taxiing rules instead of on the
estimation of accurate taxiing time.

In the process of model construction, the following
constraints should be made:

1) do not consider the effect of aircraft types on lon-
gitudinal separation and on the selection of taxiing
route;

2) consider that only one operation direction of run-
way is available at one period of time;

3) do not consider the effect of extreme meteorologi-
cal condition on taxiing.

3. AIRPORT SURFACE STATIC MODEL

The airport surface is a complex system consist-
ing of aircraft, runways, taxiways, terminals, parking,
etc. According to the basic definition of Petri net, the
mapping relationship between basic airport operating
units and basic Petri net elements can be established.
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Token represents the aircraft, which can move in
places through transitions.

Place represents runway, taxiway and parking,
usually indicated by p. For these places, the colour
set is AIRCRAFT. However, different types of operating
units should be considered individually with respect
to their own characteristics. Taxiways can be divided
into straight parts and intersections. For the taxiway
area shown in Figure 1a, if p, is bidirectional, the corre-
sponding Petri net model is shown in Figure 1b, where
the circle represents place, rectangle represents tran-
sition, 7 represents that the aircraft taxiing fromp to p,
and 1, represents that the aircraft taxiing from p, to p.
If p, is unidirectional from left to right, the correspond-
ing Petri net model is shown in Figure 1c. As for runway
area, usually the taxiway connections with the ends of
the runway are used both for taxiing into and out of the
runway so that they are bidirectional, while the other
connections with the middle of the runway are unidi-
rectional. Usually, an airport contains several aprons
which contain many parking places. The model would
be extremely complicated if each parking place was
represented by a separate place, thus parking places
that meet the following conditions are classified into
the same place in order to simplify the model:

a) Taxiing area

b) Bidirectional model

1) located at the same apron;
2) connected with the same taxi-in linking and taxi-out
linking.

Additionally, the arrival place and the departure
place are added to the model for the aircraft in arrival
and departure states.

Transition represents the activities of aircraft be-
tween different areas, usually indicated by . When an
aircraft operates on the airport surface, it carries valid
information including serial number, flight ID, arrival or
departure state and parking place name, as displayed
by the small circle shown on the left in Figure 2a. At this
time, as there is a token in p,, ¢, is enabled. When ¢, is
fired, a token will be subtracted from the input place of
t, and it will be determined whether it should be added
to the output place based on the statement on the out-
put arc, which means that it is possible to achieve the
movement of the token in the places with colour set of
AIRCRAFT as shown in Figure 2a by matching the rele-
vant information of the aircraft. However, due to the
characteristics for firing transitions [24], flight infor-
mation might be lost due to mismatching of relevant
information on the aircraft and on the output arc of
transition during the movement as shown in Figure 2b.

O<P®

¢) Unidirectional model

Figure 1 - Petri net model diagram for the taxiing area

1°(1,74ca738”, Arrival, “Parking A”)

»(Parking A)

AIRCRAFT ¢ parking="Parking A”
then 17 (n, fit, i/0, parking)
else empty

1°(1,"4ca738”, Arrival, “Parking A”) |

»>(Parking A)

NRCRAFT " ARGRAFT if parking="Parking A" AIRCRAFT

then 17(n, flt, i/o, parking)
else empty

a) Normal running sample

1°(1,"4ca738", Arrival, “Parking B”)

AIRCRAFT if parking="Parking A”
then 17 (n, fit, i/0, parking)

else empty

> Parking A

»(_Parking A

AIRCRAFT » AIRCRAFT if parking="Parking A" AIRCRAFT

then 17 (n, fit, i/o, parking)
else empty

b) Information lost condition

1°(1,"4ca738", Arrival, “Parking A”)

> Parking A)

AIRCRAFT

AIRCRAFT 1" “Parking A”

PARKING

»

1°(1,"4ca738”, Arrival, “Parking A”)

e > Parking
AIRCRAFT 1" “Parking A” AIRCRAFT
PARKING

¢) Running sample with constraints place

Figure 2 - Petri net running samples
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Fortunately, the above problem can be resolved
by adding some constraint places (cons) in Figure 3c,
to the layout model. As the taxiing direction of aircraft
mainly depends on arrival or departure state and park-
ing place in the valid information carried by the tokens,
the colour set of constraint places can be divided into
three categories: (1) I/0; (2) PARKING; (3) I/0 PARK-
ING.

The colour set of constraint place in Figure 2¢ is
PARKING, which means the information of the token
in constraint place is the parking name. Only if the in-
formation of the token in constraint place matches the
information of the token in p,, ¢, will be enabled, then
the movement of the token shown in Figure 2c can be
achieved. When the information of the tokens in these
two input places of ¢, is mismatching, the token in p,
will remain in it instead of disappearing, which will
not result in the loss of information. At the moment,
if there is any other output transition of p, , the token
in p, will find another possible export according to the
above rules. As a result, in the combination with the
two methods shown in Figure 2a and Figure 2c it is pos-
sible to achieve the directional taxiing of the aircraft
token to the target place.

4. AIRPORT SURFACE DYNAMIC MODEL

4.1 Timed dynamic model

A basic dynamic model can be created by adding
a time factor to the static model so as to describe the
operating state at different moments. Taxiing time is
usually decided by taxiing velocity. According to the
requirements on aircraft velocity in ICAO DOC 9830,
the following velocity values should be available in the
range of xkts: (1) O kts to 80 kts at runway exit; (2) O
kts to 50 kts on straight runway; (3) O kts to 20 kts at
the turning area; (4) O kts to 10 kts on parking taxi-
ways. As for the aircraft, in good visual conditions, they
are allowed to exit the runway at a maximum velocity
of v =50 kts, to taxi at a maximum velocity of v_= 30
kts on a straight taxiway, to reduce to v, = 10 kts in the
turning area and the taxiways that are too short for
velocity to accelerate or decelerate to the specified val-
ue, and to reduce to v, = O kts waiting for the take-off
at the entrance of the runway. In order to ensure the
continuity of acceleration and deceleration process,
the acceleration of a=+2m/s? is taken.

According to the change of aircraft velocity in dif-
ferent taxiing areas, the taxiing time T, at the corre-
sponding place p could be estimated when given the
length of taxiing place lp. If p is an intersection and

/
the aircraft makes a turn, its taxiing time is T, = 7’?.
When the aircraft makes straight taxiing at the inter-
/
section, its taxiing time is 7, = v—’: If p is a straight
part of the taxiway and the aircraft makes straight taxi-

ing at the adjacent places of p, its taxiing time is also

Tp= %. When an aircraft makes straight taxiing and
makes a turn at the adjacent places of p, respectively,
which means there is an acceleration (or deceleration)
process in p, its taxiing time can be calculated with
Equation 1.

V-V ly- @
- . (1)

+
a Vs

Tp

When an aircraft makes a turn at the adjacent plac-
es of p, which means there are both acceleration and
deceleration processes in p, its taxiing time can be cal-
culated with Equation 2.

ve-vi

_2'(\/:'\/[) ll" a
- a - Vs

T, (2)

The acceleration (or deceleration) process is con-
sidered as a uniform acceleration (or deceleration)
movement. Therefore, the relationships in velocity, dis-
tance and time are shown in Equation 3.

{vz-v%=2a~s 3)

v=vota-t

If the length of taxiway connection with runway is
too short for the aircraft to decelerate to the required
velocity, the velocity continuity has the priority.

Timed dynamic model means that the token is
marked with a time stamp whose value consists of
the following three parts: (1) Initial value of the to-
ken time stamp, which represents the time that the
token is ready to be used; (2) Time attribute of transi-
tion, which represents the time that the transition is
ready to be fired; (3) Time attribute of output arc of
transition, which represents the time needed to com-
plete the taxiing represented by this transition. As for
the aircraft token, the initial time value indicates the
time when aircraft enters the airport operation area.
As for time attribute of transition, the default value is
0, which indicates that the taxiway is available at any
time. Meanwhile, this value can be set as infinity to
indicate that the taxiway is unusable. During taxiing,
when the aircraft token goes through different transi-
tions, the time attribute of the output arc will be added
to the time stamp of the aircraft token. The final value
in time stamp of the aircraft token is the time when the
aircraft arrives at the target place.

4.2 Capacity constraints

In order to ensure the operational safety of the air-
port surface, there is a maximum limit of the number
of aircraft for each operation unit, which corresponds
to the definition of capacity of place in Petri net. The
capacity of place p is indicated by K(p).

482
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When there is already an aircraft running on the
runway, other aircraft are not permitted to land on or
take off from it. Therefore, the runway placeprwyshould
meet Equation 4.

K(pry)=1 4)

Additionally, when there is an aircraft at the final
approach and about to land, other aircraft can only
wait outside the runway and cannot enter the runway
waiting for the take-off or to cross the runway. Run-
way place Py and approach place Pupp should satisfy
Equation 5.

K(PVW.V)+K(PHW): 1 5)

Intersection place p.  should meet Equation 6.

K(pm)=1 (6)

As for straight taxiway, longitudinal separation S of
aircraft when taxiing should be considered.

According to the Flight basic rules of the People's
Republic of China, when two or more aircraft are in fol-
low-up taxiing, the latter should not exceed the former
one and the latter shall not be less than S ;=50 m away
from the former. Additionally, considering the length of
the aircraft L , the minimum spacing between two air-
craftis §,=S +L .

However, according to the requirements for longi-
tudinal separation in ICAO DOC 9830, the following
parameters should be considered.

1) The detection distance §,, which means the dis-
tance between two successive aircraft throughout
the time that the pilots, controllers and A-SMGCS
react.

2) The braking distance Sv, which means the distance
that the aircraft needs in order to come to a com-
plete stop.

3) The safety margin S, which means the minimum
distance needed to be maintained between two
aircraft, excluding the exhaust effect of jet.

4) Length of the aircraft L, and exhaust margin Lj,
which means the distance needed to avoid the ex-
haust effect of the jet engine.

Hence, the longitudinal separation is S, in Equation 7.

So=S8o+8,+8:+S, (7)

where Sp=La+L], and the specific parameters are shown
in Figure 3.

= longjtudinal distance ————
ircraft A |

lo— Sv—b e S\-) e L;»q— LU_H

Figure 3 — Parameters for longitudinal distance

For the detection distance, based on the aircraft
velocity model and the requirements of A-SMGCS, the
following parameter values are given: pilot’s reaction
time Tpir=1 s, controller’s reaction time T, =1's, sys-
tem’s reaction time ’L'Syr=2 s, safety reactiontime T =1

s. So the total reaction time is T =5 s. The detection

reac

distance S, can be calculated according to Equation 8.
SO = Vs Treac (8)

Considering the aircraft velocity reduced from v,
to O, the braking distance S, can be calculated from
Equation 1. Moreover, it is said in Section 4.5.4 of ICAO
DOC 9830 that after the aircraft is stopped, the system
should provide a minimum separation (SS+Lj) of approxi-
mately 60 m to 15 m. To ensure safety, the separation is
taken as SS+Lj=60 m. Therefore, according to the above
parameters, the minimum longitudinal separation be-
tween two aircraft S, can be calculated by Equation 7.

For safety reasons, the final longitudinal separa-
tion §'is the maximum value of S, and §, as shown in
Equation 9.

S=max{S51,52} (9)

After determining the minimum longitudinal sepa-
ration, the place capacity is defined as follows:
1) VpeP,iflp <S8, then K(p)=1;
2) For any n adjacent places {p1,pa,....pn},n € N,

if D I(pr) < S,then D K(px) < 1;
k=1 k=1

3) VpePne Nn-§< Ip, if there exists a place

p” that is an adjacent place of p, and they satisfy

Ip+1,=(n+1)-S, then K(p) =n+1; otherwise

K(p) =n.

In CPN Tools, there is no definition of capacity, so
capacity constraints need to be achieved by anti-place
which is a concept in Petri net. Let p and p' be two plac-
es, if the input transition of p equals the output transi-
tion of p"and the output transition of p equals the input
transition of p’, then p'is the anti-place of p. In the air-
port operation model, anti-place is a kind of constraint
place with the colour set of UNIT where the tokens serve
just for counting purposes, without any real meaning.
The definition of anti-place and the rules for firing a tran-
sition show that the sum of the numbers of a place and
its anti-place is a fixed value, which is the capacity of
the place as well as the number of tokens in the an-
ti-place at the initial time. As shown in Figure 4, p'is the
anti-place of p and the capacity of p is 2.

AIRCRAFT

Figure 4 - Anti-place diagram
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4.3 Taxiing rules constraints

Except for the capacity constraints of operating
units, the relations with other aircraft on the surface
should be taken into consideration when taxiing, so as
to avoid surface conflicts.

1) When there is no aircraft on the runway, the aircraft
in the final approach takes priority.

2) When an aircraft needs to taxi across the runway,
it is necessary to ensure that there is no aircraft on
the runway or on the final approach phase.

3) When two aircraft approach head-on, if neither of
them is at the parking area, the rule of “First In First
Out” (FIFO) shall be respected; else, the aircraft at
the parking area has the priority to taxi.

4) When two aircraft are on a converging course, the
one which has the other on its right shall stop taxiing
and give way to the other.

All the above rules could be realized by the inhibitor
arc which is a concept in the Petri net. If a transition is
connected to an inhibitor arc, one of the conditions for
the transition to be enabled is that there is no token
in the input place to which the inhibitor arc is connect-
ed. Accordingly, the models for the above four rules are
shown in Figure 5, respectively.

Figure 5a corresponds to Rule 1. When there are
aircraft tokens presented both in the approach place
and the taxiway place, as the inhibitor arc connects ap-
proach with t,, t, is not enabled, but t, is enabled at this
time. Therefore, the token in approach could move to
the runway. After that, there is no token in approach and
t, becomes enabled. All this shows that the approaching
aircrafthaspriorityovertheaircraftthatistotaxitotherun-
way for the take-off. Figure 5b corresponds to Rule 2. One
point that needs particular attention is the connection
type. While the places taxi_in and taxi_out indicate the

AIRCRAFT

AIRCRAFT 2

a) Model for Rule 1

¢) Model for Rule 3

taxiways connected to both sides of the runway, taxi_in
does not directly connect to the runway with the arc in
the figure because there is a fundamental difference
between using the runway for take-off (or landing) and
crossing the runway in real taxiing. Their duration is to-
tally different. Therefore, it is more logical to connect
taxi_in with taxi_out. However, taxi_in is connected to
taxi_out with inhibitor arc for constraints control, which
means that only when there is no aircraft in approach
and on the runway, ty is enabled and tokens could run
from taxi_in to taxi_out. Figure 5¢ corresponds to Rule 3.
When there are aircraft tokens presented both in park-
ing and p,, t; could be enabled only after the token in
parking has taxied out, which means that the token in
parking has priority to that in p,. Figure 5d corresponds
to Rule 4. According to the same basic principle, the to-
ken in the left place has priority to that in the right.

Using the above methods, the potential conflict
between aircraft transforms into a waiting time, which
achieves the modelling and simulation of conflict-free
taxiing on the airport surface.

5. MODEL VERIFICATION

Based on CPN Tools, a case study of modelling and
simulation experiments of timed coloured Petri net on
Toulouse airport surface have been carried out. At first,
the parking places have been simplified according to
the method in Section 2. Eighty-four parking places with
detailed information are simplified into 18 parking plac-
es and the other aprons without detailed information
are divided into four places, totalling 22 parking places
on the surface. A part of the Toulouse airport surface
layout shown in Figure 6a is clearly represented by the
airport layout Petri net model as shown in Figure 6b,

tl
Approach I @
AIRCRAFT AIRCRAF
<D

AIRCRAFT

AIRCRAFT

b) Model for Rule 2

d) Model for Rule 4

Figure 5 - Petri net models for taxiing rules
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Figure 6 - Petri net model diagram of Blagnac airport surface
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where circles represent different areas, rectangles rep-
resent the possible activities and arrows represent pos-
sible movement directions.

Based on the Blagnac airport surface static Petri
net model, with respect to the surface operation con-
straints described in Section 2 and Section 3, and in-
putting relevant aircraft taxiing information, the Petri
net simulator in CPN Tools can be used to simulate air-
craft taxiing routes. The running process could be saved
as a running report in text format so as to analyse the
process and result. To verify the effectiveness of the
model in taxiing route planning, static verification and
dynamic verification of the established Toulouse airport
operation model are carried out.

5.1 Static verification

Static verification means the process when the air-
craft taxies from one place to another without consid-
ering the effect of other aircraft on the surface and the
related airport surface operation constraints.

Table 1 - Aircraft taxiing timetable

The taxiing information of flights at different time
periods of the day from July 7, 2017 to July 11, 2017
was collected based on the information on the flightra-
dar24 website platform. In order to make sure of the
integrity and usability of each taxiing route data, 30
flights’ data are counted and classified according to
the taxiing path. The results are shown in Table 1.

In Table 1, the surface state indicates whether other
aircraft have an impact on the taxiing route, in which
“1” is unaffected and “0” is affected. According to the
definition of static verification, when there is another
aircraft on the surface, it may result in a waiting time
for the target aircraft, while here only one flight is set
in the model and the model running time is for an un-
impeded route. Therefore, the real flight taxiing time
with a surface state of “1” can be used to compare
it with the runtime of the Petri net model. The flights’
taxiing time of taxiing path numbered 14, 15, 16 and
17 are still much different from the corresponding Pe-
tri net runtime. This is due to the fact that the taxiing
time of aircraft in the Petri net is calculated based on

Petri net running Real flight operation Surface
No. Path time T, [s] timeT,,,[s] state
1 | C-T10-P10-P20-P40-P50-P55-P60-P65-P70-N8-M8 312 314 1
2 | M2-N2-P10-T10-M 200 265 1
489 0
439 1
3 | N2-P20-T40-K 156 294 1
188 1
4 | F-T50-P50-P55-N6 206 217 1
5 | F-T50-P50-P55-P60-P65-P70-N8 261 251 1
371 0
6 | E2-T50-P50-P55-P60-P65-P70-N8-M8 202 507 1
7 | E2-T50-P50-P55-N6 147 166 1
8 | M2-N2-P20-T40-E2 230 252 1
225 1
9 | E62-T55-P55-P60-P65-P70-N8-M8 205
205 1
286 1
10 | U&V-T65-P65-P70-N8 190 256 1
186 1
11 | M2-N2-P20-P40-P50-P55-P60-T65-U&V 270 259 1
12 | T60-P60-P65-P70-N8-M8 160 153 1
13 | N1-P10-P20-T40-E60 278 289 1
499 1
14 | N2-P20-P40-T50-E62 192 285 1
330 1
685 0
15 | U2-T55-P50-P40-P20-P10-N1 210 572 0
475 1
16 | N1-P10-P20-P40-P50-P55-T60-U4 273 639 0
525 1
518 1
17 | N2-P20-P40-E2 206 511 1
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the velocity model established in Section 2, where the
maximum taxiing velocity is 55 kts and the average
velocity is 30 kts, while some of the above flights are
executed at the local time of 4 a.m. to 5 a.m., when the
taxiing speed is slower than during the day. The real
maximum taxiing speed is 30 kts and the real average
speed is about 16 kts.

Considering the factor of taxiing velocity, the aver-
age taxiing velocities of aircraft with numbers 14, 15,
16, 17 and surface state “1” are counted and time
T, needed to taxi along these paths with the aircraft
model velocity v =30 kts is calculated according to
Equation 10. The results are shown in Table 2.

- (10)
The minimum values of T 6 are chosen for the
numbers 1 to 13 and the minimum values of T_are
chosen for the numbers 14 to 17 for comparison with
T, of different numbers. The result is shown in Figure 7.
The trend of two polylines in Figure 7 is the same.
Define the relative error as

_ Vreal
Vs

(11)

where n is the amount of taxiing routes, T, is the op-
eration time of real airport operation for i-th route
in Figure 7 and T§ is the operation time of Petri net
operation for i-th route in Figure 7. The relative error

350
— = — Petri net operation

300 ) —— Real airport operation
o - . ‘&
52500 | Ao A f \ /
S \ b J ! d
5 200 W 0‘\“\/ i ) ) v i
o 150 ¢ \ |
o
o

100 L . . L . . . .

0 2 4 6 8 10 12 14 16 18

Path number

Figure 7 - Comparison of aircraft taxiing time

Table 2 - Comparison of aircraft taxiing time and velocity

between two polylines in Figure 7 is calculated as
e =5.9485%. The error mainly results from two as-
pects: (1) Aircraft taxiing on the surface is affected
by the weather, the conditions of the pavement and
some other factors; (2) The taxiing of aircraft is sim-
ply considered as the uniform movement and uniform
acceleration movement while it is more complicated
in the actual situation. Therefore, the relative error is
necessary and reasonable.

5.2 Dynamic verification

Dynamic verification means the process that all the
aircraft on the surface taxi from their initial places to
the target places under the airport surface operation
constraints and taking the interplay between all air-
craft on the surface into consideration. It mainly con-
siders the interplay between aircraft on the surface.
This paper uses 30 minutes as a time window and
compares the real total taxiing time of all aircraft on
the surface and the Petri net runtime with the same
aircraft number and the same start or arrival parking
as the real situation within the time window.

Toulouse airport is still taken as an example and
flight data of four time windows are selected for the ver-
ification. For the real flight data in each time window,
the corresponding model data are given by running
Petri net 40 times. The results are shown in Figure 8
where the horizontal axis represents the running times
and the vertical axis represents the total taxiing time.
From the figure, the real total taxiing time is obviously
higher than the average of the model running time as
the model is an ideal state compared to the real situ-
ation and the actual factors as described in the model
constraints part cannot be fully considered.

The mean relative error of the total taxiing time for
each time window is calculated and the results are
shown in Table 3. The mean value for these four time
windows is e =-13.533%, which is a little larger than
the static error. This occurs because the static error
is included in the dynamic error and there is a case

No Petri net running Real flight operation Surface Real flight Real flight operation time
’ time T, [s] time T, [s] state velocity T, , [kts] with velocity of 30 kts T [s]
499 19.6 326
14 192 330 1 19.0 209
285 1 23.8 226
685 0 / /
15 210 572 0 / /
475 1 13.4 212
518 1 18.6 320
16 206
511 1 13.1 223
639 0
17 273 / /
525 1 15.5 272
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Table 3 - Mean relative error of total taxiing time in different time windows

Time window 19:17:31-19:47:31 | 10:48:40-11:15:37 | 06:50:10-07:27:21 | 14:53:13-15:20:25
Number of aircraft 8 5 6 4

Actual total taxiing time [s] 2,084 1,328 1,701 1,196

Mean relative error of total 11.91% 7.79% -22.02% -10.43%
taxiing time

Maximum time saving 27.5% 23.9% 38.3% 26.0%
percentage

of error accumulation because of multiple aircraft on
the surface. Considering the static error for each air-
craft, the dynamic error is much smaller than the sum
of static error for all aircraft on the surface within the
corresponding time window.

Besides, the routes of aircraft run by Petri net mod-
el might be different each time. Therefore, the discrep-
ancies between actual time and Petri net model time
are definite. However, this reminds us that the actual
taxiing route might not be optimal. In respecting the
taxiing rules modelled by Petri net, the model provides
several solutions for conflict-free taxiing. If the optimal
solution among these 40 samples which means it cost
the minimal taxiing time is selected for taxiing, the time
saving could be calculated and the results are shown

in Table 3. The time saving percentage could be 28.5%
as an average value, which proves that the airport sur-
face Petri net model built in this paper could provide a
more optimal solution for the taxi route planning.

6. CONCLUSION

In this paper, the timed and coloured Petri net is
used to model the airport surface operation and the
simulation is carried out by CPN Tools. The airport
layout is clearly represented by Petri net model which
is availably simplified by the division of parking plac-
es. The directional movement of aircraft on the sur-
face can be effectively simulated with the constraints
for type of places by Petri net. Based on the general
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taxiing time estimation for each taxiway and the time
stamp concept of Petri net, the taxiing time costs can
be calculated along aircraft movement and the air-
port situation can be seen from the Petri net model
at any moment. The method of defining the capacity
of the operating unit place is presented and it allows
for the shortest longitudinal separation between air-
craft to ensure movement safety. Petri net’s inherent
elements are used to incorporate the operation rule
that the aircraft need to obey when taxiing, and final-
ly the simulation of conflict-free taxiing of aircraft is
achieved.

The simulation model is evaluated by comparison
of simulation results with the field data obtained at
Toulouse Blagnac Airport. It proves that the model
could not only represent the layout of the airport but
also simulate the free-conflict taxiing of aircraft on the
airport surface and provide a better solution for the air-
craft ground movement. These findings will be useful
to achieve more efficient airport operation.
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