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Abstract—With the constant increase in air traffic, airp@ms facing capacity problems. Optimisation met

for specific airport processes are starting to be increasingly utilisedrylarge airports. However, ma

processes do happen in parallel, and maximisingdtential benefits will require a more compleximgatior

model, which can consider multiple processes simultstgand take into account the detailed comple;

) Keywor.ds of the processes where necessary, rather than using more absttals. mbis paper focuses on ont

Airport operations these complexities, which is usually ignored in ground movement ptgrstiowing the importance of 1

Ground movement optimisation  shhack process in the routing process. It iryatsts whether taking the pushback process intadesatior

Pushback delay  can result in the prediction of delays that would otherwise passtived. Having an accurate model

Routl_ng the pushback process is important for this and identifying alleoflétays that may occur can lead to r

Scheduling accurate and realistic models that can then be used in the decisimgy madcess for ground movem

operations. After testing two different routing methods with a more detaikdthpok process, we fou

that many of the delays are not predicted if the pushback prisaessexplicitly modelled. Having a mc

precise model, with accurate movements of aircraftrig weportant for any integrated model and will al

ground movement models to be of use in more reliatigrated decision making systems at airporitaniising
these delays can help airports increase their capacity and beaymemaironmentally friendly.
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I ntroduction

Over the years, airports have become increasingly busyanyg are already facing capacity problems. There is adepable
amount of research into optimising the processes at the airfotsessful optimisation of these processes can save
considerable fuel and emissions, and reduce délaigsground movement of aircraft is one of the mosbitamt operations
and includes a number of sub-problems that can be optimised (Atkin et al. 2010). Foeeramaiting aircraft will first
push back from the gates (the pushback process), then taxi around the airports (theetss)i anocqueue for the runway
(the runway sequencing process).

Ground operations can be divided into several sub-problems, such as the runway sequaeimg(Bennell et al
2011, Apice et al. 2014), which can involve an explicit model for the ground movefeergnt (Atkin et al. 2007); the
gate allocation problem (Bouras et al. 2014, Dorndorf et al. 2007); and the growedemt routing and scheduling
problem itself (Rolling and Visser 2008, Atkin et al. 2010, Ravizza et allad0These problems interact with each other
and the solution of one can affect another. There has been some research towards tianiofg@atesses (Kjenstad et
al. 2013). Taking the interactions between problems into account within modelsxaase the accuracy of the models,
in terms of modelling the real world behaviour, as well as increasmggplicability of the results. This paper considers
the integration of the pushback process into the ground movement problem. Altheygbund movement problem has
received significant research attention, there has been very litdedeoation of the pushback process. Tu et al. (2008)
attempted to identify the delays that happen during the routing process with thiestesestical analysis. They took into
consideration a number of trends and patterns like weather impact, delay built ypdwous flights, seasonal and daily
patterns, in order to predict the difference between the scheduled time andimetubht an aircraft was going to start
the pushback process. Neuman and Atkin (2013) attempted to find the conflictsathaccur because of the pushback
process or the conflicts that happen close to the gates in ortettéo allocate aircraft to gates. Atkin et al. (2013)
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used a model to predict the total delays for aircraft (at #redstor the runway) in order to absorb more of this time at
the stand, before the pushback process of the aircraft commences. Consideratitimefitlmich was needed to perform
the pushback process and start the engines was an important element of theymten(1998) developed a model that
predicts and resolves conflicts on the taxiways close to the gates, in ordennosmithe delay. Burgaiet al. (2012)
used a stochastic model of surface operations to control the pushback clearances thesadrober of aircraft that are
taxiing. However these models do not explicitly examine the effects of the pkgirbaess upon the ground movement,
instead focusing on the minimisation of the total travel time and/or queuing time at thag/ runw

Ravizza et al. (2013) used a statistical approach to predict totaltees,tthen Ravizza et al. (2014b) compared a
number of approaches for this, but understanding the real ground movement problem aeleites understanding of
where delays actually occur as well as the total unimpeded d&ligspaper proposes that, in order to achieve a more
realistic model which will be able to assess the effects of the pushback delays, the ppshteskneeds to be explicitly
modelled within the routing process. This involves taking into consideragoeléiments which are known to affect this
delay and ensuring that the delay occurs at the same position in the model as itluwesainworld; by the gates, where
pushback occurs, rather than being spread over the entire taxi duration. This psopeslalated in this paper using two
different methods for aircraft routing, showing that the pushback delays have a measurable effect irdoth cas

Consideration of the size of the aircraft and the morphology of the taxiways aimpartant aspects of the model,
which influence the precision of the results. Accurate times as well astacsegaencing of aircraft movements are key
for building increasingly precise integrated models and will atlosse models to be used not only for predictions but
also for reliable integrated decision making systems at airports.

This paper presents our ongoing development of a more integnadedetailed model for the ground movement of
aircraft. Section 2 describes the problem of the pushback process. Section 3 pressoiition approach. Section 4
states the results and Section 5 concludes the paper and proposes future work.

Problem description

The pushback process (which is the part of the ground movement process wlarerdftepushes back from the gate
and starts its engines) is a crucial point where delays can (and do) happen. Whileafirisaireing pushed back and its
engines are started, it can block other aircraft éine moving around the airport. The pushback andestart-up process is
often a time-consuming process. While this is happening, other aircraftghaple to pushback if they are using stands
that are close by. In cases where the taxi aramdrhe gates is not wide enough to be simultameoged by two aircraft,

a taxiway may be blocked by the aircraft for the duration of the processmia cases, for safety reasons, airlines do not
allow another aircraft to enter or to pushback onto the taxi area around the gates wheramotfievhich is starting its
engines, due to the size of and limited manoeuityhiithin these areas. In summary, pushback omeratior one aircraft
can delay other aircraft. The reverse can also happen, where an aircraft may not thedperstart the pushback process
until another aircraft has passed. This is the case whenever the arbaythabald push back to will not be free for the
entire duration of the process. Figure 1 shows how delays can happen, illustrating howaétnpasbimg back would
prevent another aircraft passing, or an aircraft passing could prevent a pushback.
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Figure 1. Causes of pushback delays, delaying other aircraft or the aircraft pbsicing

Pushback delays can cause significant delays at airports and add uncertainty tadtesl gresition of an aircraft. The
absence of consideration of these factors in a model can lead to further uagrddlays later on down the path of an
aircraft, since the delay in the routing for one aircraft may c&nsek-on interactions with later aircraft. A take-off
sequencing system would usually require knowledge of how eadyrenaft can reach the runway, so any unpredicted
ddays may affect the feasibility of potential takié-gequences, compromising the feasibility of thesguences. An accurate
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model for scheduling and routing aircraft ground movement is important for providiraugmyated decision support to
improve runway operations. Reducing waiting time at the runway by even a small @geceah save significant
amounts of fuel, which directly influences the cost, el &s the carbon dioxide emissions. Reducing éh@yd and having
improved ground movement can also increase the capacity of the airport.

The aim of this paper is to investigate and evaluate the effects upon the pasicbethdes of explicitly taking into
consideration the aircraft that are being pushed back. To do this, the pushback operagiing will put a larger initial
delay on the aircraft when they are near to the stands, rather than &edauyglitional pushback time as extra taxi time,
distributed evenly across the taxi path. It is important to quantify any acdogaefits, such as improved predictions of
delays, and this will be performed by considering two different routing methods andtawgthe differences between
the delays when the pushback process delays are and arpliwittyegonsidered. A weighted graph with edges and cesti
is used to model (parts of) an airport, with aitdravelling along the edges between the vertiaedjustrated in Figure 1.

Solution approach

Stergianos et al. (2015) investigated the ways in which the pushback process affects the accuramytioftheocess by
using two variants of a ground movement algorithm amdal world data instance (Method 1, below). Thisent paper
performs a much improved analysis of the effectednsidering two different routing and schedulinghmoes (based um
Kjenstad et al. 2013 and Stergianos et al. 2015). A modieesion has been created of both of these, for use in this
evaluation, so that two variants of each can be compared; one that explicitiemtiie pushback delays, and one which
includes the pushback time as extra taxi time. In addition to executing bothhatggodn the original ground movement
instance from the paper of Stergianos et al. (2015), additional, more complex, dateemsire used in the evaluation,
which were specifically produced to make the problem harder, simulating and evaluating the effeats ait poits.

The constants/input values and decision variablgaititvhich are used in the explanations of the ndstloe summarised

in Table 1.

Table 1. Table of definitions for Method 1 (Algorithms 1 and 2) and Methdi@dels 1 & 2).

Constants Explanation

F The set of all flights.

n The total number of flights, |F
feF:={1,...,n} A flight.

Sfi

The time that flight f starts traveling towards thevértex of its path,@{1...k3

Pt The pushback duration for flight
t The time at which flight f should commence its push back. the starting time for aircrdfin
f the datasets.

The weight (necessary taxi time) of tReedige of flight %s path, which connects the (i-1)" vertex
W ; {

of the path with thé"ivertex.
n The minimum time that it can take for an aircidfi reach the runway from the gate.
Variables Explanation
C The set of all identified conflicts where two flights wish to use the same vertex at the sar

C .= {fl, f2, il, |2} eC

A conflict between two flights fand § at a vertex, where the conflict vertex is tievertex on
the path for flight { and thei"vertex on the path for flight.f

f1(c), fx(c), i(c), i(C)

Functions which will return the relevant elemehge(element with the same name as the func
name) of the conflict c.

ke The total number of vertices on the allocated path for flight

Ts The total routing time calculated by the algorithm for flight f not including the pukhivae.
T’ The total routing time calculated by the algorithm for flifhhcluding the pushback time.

d Total calculated delay for aircraft f. (A detailed explanation can be found on in the discls

Equation 7 below)
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Method 1

The first method (Method 1) makes use of two algorithms (labelled Algoritmd1Algorithm 2) that implement the
Quickest Path Problem with Time Windows (QPPTW) algm, a routing and scheduling algorithm which waseloped
by Gawrilow et al. (2008) and later modified by Ravizza et al. (2014a) in turder more suitable for airports. We refer
the reader to Ravizza et al. (2014a) for full algorithm details and discustherdxtensions in this paper. In summary,
the algorithm is an extensi@f Dijkstra’s algorithm, which considers multiple aircraft in turn, rather than a single shortest
path. When the path for the current aircraft is considered, all of thevglaittts were found for previous aircraft are taken
into account, using time windows to block the graph edges for a specified time during which they are in use.

Algorithm 1: this is a typical implementation of the QPPTW algorithm, as described izZRast al. (2014a) and
routes a number of aircraft without taking the blocking which can occur dilmingushback process into consideration.
In order to provide a fair comparison, rather than modelling the pushback delay by théhstaighrithm instead delays
the aircraft from setting off until the pushback duration has expired by delaying thevstaof the operation. i.e. the start
time for any aircraft f in Algorithm 1 is given by ¥ p;. This ensures that the pushback and engine start-up operations wil
occur out of the way (at the stands) and will ndéaglany other aircraft while they occur. Again, tesere a fair comparison,
the calculated total taxi time is given by Equation 1, adding the pushback delay to the final roetiiog #ech aircraft.

n
Total taxi time = Z(Tf + pr) (1)
f=1

Algorithm 2: this is an extension of Algorithm 1, and includes the pushback duration at thef shertmovement,
moving the aircraft into the first vertex (where it would be locatedewhstarts its engines) and then delaying it from
commencing its journey until its pushback and engine start-up operation would hadetedmor this duration it will
be blocking the part of the taxi area into which it will push back, potgndielaying other aircraft. Algorithm 2 will start
the routing process for aircraft f (which now includes the pushback proceissg atand the final total routing time will
be determined by Equation 2, since the pushback delay has already been included in the routing time.

Algorithm 2 requires an adaptation of the QPPTW algorithm. In order to hawareaprecise routing process, the
pushback procedure was added to the QPPTW algorithm. Simply adding the pushback deleyadtabtéxiing time (as
was done for Algorithm 1) cannot guarantee to ifledelays which are specifically associated wiik pushback process.
The weight of an edge is the travel time to traverse that edge. In the ext@gutadna (Algorithm 2), all of the edges
that the aircraft checks for the first move have been modified to haveatkight increased by the pushback duration.
This ensures that the pushback time is considered, but is all allocated by the gates, as wouldagyteall

n
Total taxi time = z T’ (2)
=1
With Algorithm 2, the total routing time for an aircraftwill not only include the pushback duration for this aircraft p
but will also include all of the delays that are caused during the pushbackspasassll. These delays can be caused by
delayingan aircraft’s own pushback process (not being able to pushback immediately due to traffic) or by delaying its taxi
operations, due to being blocked by other aircraft which are pushing back.
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Figure 2 shows an aircraft that is pushing back from vertex A to vertex B. The new weight of the edge 'AB
which is used by the modified algorithm is can be calculategt’Ry= was + pr, Where wg is the normal weight of the
edge. The pushback durationgpdetermined by the size of the aircraft f.

The QPPTW algorithm finds the shortest path, taking into corstidarthe added delay. All of the edges that are
connected to the first edge are blocked, preventing other aircraft fromgdona close to the aircraft which is pushing
back. In the example in Figure 2, this means that all of the edges AB, BC, Bibeked for the entire duration on the
pushback processv(ss). Blocking the edges ensures that the aircraft will reach its destinatiba shortest amount of
time allowing for the fact that edges can be used by a maximum of one aircraft at a time.

Figure 2 also illustrates the situation where there is another airgctiiatfhas to wait for aircraft to finish the
pushback process. Aircraft such aghiat get blocked have to either wait or choose a longer path if there is one. The
QPPTW algorithm which is used will ensure that the path is reallocated appropriately.

In both Algorithms 1 and 2 of Method 1, aircrafé @onsidered in the order in which they can sterich is information
calculated from the available data set. This means that the aircraftis/pieimned to start-up first will usually be able to
take the shortest path, the second aircraft will take the quickest path cogsatey blocking by the first aircraft, and so
on, as discussed in Ravizza et al. (2014a).

Method 2

Method 2 assumes that all aircraft will be assigned to their shpetst, regardless of the movement of other aircraft.
This method makes use of the vertices that each aircraft traverses, ofskdacking the edges that were used (as the
QPPTW algorithm does). The time that flight f commences its journey texvied denoted;s Only one aircraft can use
any vertex v at any time, so a different aircraft can only use the vertex when the currentsiesrétie next vertex.

The second method consists of 4 stages:

1. Find the shortest path for all of the aircraft, to determine the allocated paths.

2. Find all of the conflicts between aircraft (aircraft that will require theesaentex at the same time).
3. Solve the LP model for all of the known conflicts (the LP model is explained below).

4. Check if there are new conflicts and if so then go to step 3.

In order to find the shortest path for step 1 a simple erdiche QPPTW algorithm (similar to Dijkstra’s algorithm) is
used for this process. This simplified QPPTW algorithm both finds the shortest pathd)(sind also finds the initial
conflicts at the same time (step 2). A linear pemgming formulation is then used to solve the rayimoblem and
determine the order in which aircraft will pass vertices where themintention (step 3). Where further conflicts are
found, additional constraints are added to the model and it is re-solved until no further coadli¢stap 4).

For the 2° step it is important to find all of the conflicts that happen when the aireafthe shortest path that was
found in the previous step. In order to identify a conflict the movements of aiwergft are stored in each vertex every
time that it is used. So if any vertex is used by more than one aircraft antbetime, a conflict is added to the list of
conflicts. Any conflict is between only 2 aircraft, although each aircraft can have multiple soniticiother aircraft, and
2 aircraft can conflict with each other multiple times along their pathttHeof step, a linear optimisation model is
solved. The constraints and objective function for this model are shown below:

Constraints

Sfa = tf Vf EF (3)
Sf,Z = Sf’]_ + Wf,l + pf Vf eEF (4)
Sf,i+1 = Sf,i + Wf,i Vi:== {2 kf - 1}, Vf eF (5)

Constraint 3 ensures that all aircraft start after a set startfeinthe aircraft. This time is allocated to each aircraft and is
forbidding the program to make them start earlier. Constraints 4 and 5 enswae #diva@raft cannot enter the next vertex
on its path any earlier than the time at whichnitees the current vertex, plus the time to travérse the weight of)

the edge between the two vertices. Constraint 4 ensures thatcifadt @pends extra time on its first vertex to simulate
the pushback operation (which will also delay the time at which any other ad@naénter that vertex). Note thatpll

be O for the versions that do not include the pushback process.
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If conflicts are found, additional constraints are added to resolve the comdhists;jng that one of the aircraft cannot
use the vertex until the other has reached theviiollg vertex. One of the disjunctive constraints)(ér (6b) will be added
for each conflict.

S£,(€),iz(c) = SF(e)ir(e)+1 VceCl (6a)

S(€),ia(c) = Sh0)in(0)+1 Vcecl (6b)

For efficiency reasons and to reduce the number of iterations, these are actually apipéatekt | vertices, where | is
the number of vertices which the two aircraft share after the vertex where #iegofiflict. i.e. if they enter the share
path in a specific order, they must traverse all shared vertices in that order:

SHO O+ Z S @+j+1  YiE{0..I-1}, VceC (6'a)

SO+ Z Sh©i+j+1  YiE{0..I-1}, VcEeC (6'b)

Objective function

The objective function measures the times at whiehatftraft reach the final vertices in their joysewhich is equivalent
to the objective function for the first (QPPTW-bdsmethod, allowing a comparison to be made betweetwo methods.

n

minimize Z Sk s
f=1

Two variants of the model are evaluated, and eaclbeavaluated with and without pushback delaythdrfirst variant
(Model 1), the prioritisation constraints (Inequalities 6a or 6b) are appliedder to prioritise the aircraft that would
reach the vertex first, even though the aircraft may use the vertices foemtiffleirations (e.g. aircraft which are pushin
back will use the vertex for longer than aircraft which are going past). kettund variant (Model 2), this prioritisation
is reversed, so priority will be given to the aircraft whichtstamoving towards the vertex second. Since the pushback
operation is time consuming, this will usually be the one which is alreading rather than the one which is pushing
back. This models what happens at real airports more often, since it is ofegrtdattoiding asking an aircraft which is
already moving to stop. This latter approach also turns out to be more sintliarusual case for the QPPTW approach
(which prioritises the aircraft which started its move firsihce when an aircraft which is pushing back comes into
contention with one which is already moving, the one which was alreadygnaill almost always have commenced its
pushback earlier (it has had to complete its pushback and taxi to the vertextehproblem occurs before it comes into
contention with the aircraft which is pushing back).

As for the QPPTW algorithm, the model was developed in order to run both with droitwthe explicit pushback
process delays. As for the QPPTW algorithm, the aircraft start times are deyayedpushback duration for the version
that does not take the pushback process into consideration.

In order to be able to compare all of the algorithms and models, an effeajv® walculate the delays was needed. In
order to make sure that all delays are found, even the ones that are caused by taking longer paths when path allocatio
involved, the minimum routing times were calculated for all gates. Dijkstra’s algorithm is sufficient for this, so a simpler
version QPPTW algorithm (without the time windows) was executed for eatle gfates (twice, once for arrivals and
once for departures), on an empty airport without the enhancements which block edgesdpst the time windows.
Once the minimum times had been found (the quickekt péthout any delay) it was easy to establishetkect additional
delay that each aircraft had, regardless of whether this delay was duiinig W& other aircraft to move, or increased
taxi time due to taking a longer path, re-routing around any blocks (e.g. pushbel) bbn the optimal path. Given the
preceding calculations and definitions, the delay for each aircraft can be calosiage&quation 7, where;is the time
which would be taken on the shortest path for aircraft f. The total delay is then tlo¢ alintelays for individual aircraft.

d=T—m (7)
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Results

Both routing methods were executed using different instances for Stockholm’s Arlanda airport, the largest airport in
Sweden (http://www.asap.cs.nott.ac.uk/external/atr/benchmarks/index.shtml, accessed 18eN@0dh). Instance 1 is
based on historical data from the Swedish Air Navigation Service Provider (AM8Ryas the basis for the rest of the
instances. It includes 54 aircraft set to depattiwi2 hours. Figure 3 is a simple map of the patit gates that an aircraft
can use on Arlanda airport. The gates are highdigiwith large dots and the main runway for depaguiOl1L) is
highlighted with arrows. Runway O1L is usually used for departures and 01R (rigbt teepicture) is used for arrivals
(or the inverse). Runway 26 (top side of the picture) is newer and usefdpieaétf conditions so mainly the departure

runway is shown in the figure.
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Figure 3. Layout of Arlanda airport
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The remaining instances were developed to simulate the effects of heavier aagsytbly altering the data from the
Swedish ANSP (by adding more aircraft and assigning them to different gates), qoeallegns of increasing difficulty.
These resulting instances therefore have different characteristics fsityspamovements and complexity of solution.
Although the algorithm can handle different sizes of aircraft, in thessnoest all aircraft were considered to be medium
weight class.

Table 2. Specifications of instances.

No. of Aircraft Time span
Instance 1 54 2h
Instance 2 70 3h 40m
Instance 3 98 4h 50m
Instance 4 118 4h 50m
Instance 5 140 4h 50m

Instances 3 to 5 were made to investigate whatdrapwhen there is increased traffic (or even exasgitiohigh traffic)
number on an airport with a poor gate allocation.

A weighted graph for Arlanda airport was used for these experiments. SirQ€®IIN algorithm that was used for
the core of the routing process works by blocking edges, the maximstanak between two vertices was restricted by
inserting vertices into long arcs (therefore splitting the edgdsalowing more aircraft to use them), at a spacing of
approximately 80 meters, simulating the effects of being able to have multiplafiaipeeue one behind another along the
taxiway.

The resulting total delays are shown in Tables 3 and 4. The framework was madgnalava and was executed on a
personal computer (Intel Core i3, 2.5GHz, 4GB RAM). For Method 2, the framework was progmadaed and all of
the LP models were solved using CPLEX (with the use of CPLEX Java libi@rigslipse). The execution time for both
QPPTW algorithms is less than 1.5 second which is fast enough for real time routimagetdge time for Algorithm 2 -
5™ instance (which is the most computationally demanding instance) was 1452ms. For theptingaation models the
execution time was usually less than 2 seconds. For instance 5, the problem aa&insbB40ms on average for Model
land in 2066ms on average for Model 2.

Table 3 shows the total delay and total taxi times for instance numbers 1 and 2stTi@fiows show the times that
are produced after running the QPPTW algorithms 1 and 2 respectively. Rovaridrésur show the times for the LP
Model 1 (with and without taking into consideration the pushback process). Lineséi&x show the times for the LP
Model 2 (with and without taking into consideration the pushbaiokgss). In each case it is apparent that significant
additional delays result from the cgideration of the pushback delays (Algorithm 2 and ‘push’ variants of the models). In
fact these delays are huge in comparison with the delays without the pushbackngnodgilth are small, showing that
there is relatively little interaction between #iecraft when pushback delays are not considered. shuws the importance
for accurate models of including these delays.

Table 3. Total delays and total taxi time for each algorithm/model for instances 1 and 2

Instance 1 (2h) Instance 2 (3h 40m)
Total: Delay[s] | Taxitime[s]| Delay[s] | Taxitime [s]
Method 1 QPPTW Algorithm 1 89 26606 1 35579
QPPTW Algorithm 2 1313 28010 1778 37356
LP Model 1 no push 45 26562 1 35579
Method 2 LP Model 1 push 1022 27719 1234 36812
LP Model 2 no push 53 26570 19 35597
LP Model 2 push 1332 28029 1802 37380
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Table 4. Total delays and total taxi time for each model/algorithm for running icesta®, 4 and 5.

Instance 3 (4h 50m) Instance 4 (4h 50m) Instance 5 (4h 50m)

Total: Delay [s] [Taxitime [s] Delay [s] [Taxitime [s] Delay[s] [Taxi time [s]
Method 1 QPPTW Alg. 1 50 51669 109 62579 153 73711
QPPTW Alg. 2 807 52426 1504 63974 2466 76024
LP Model 1 no push 20 51639 50 62520 50 73608
Method 2 LP Model 1 push 593 52212 1075 63545 2618 76176
LP Model 2 no push 20 51639 64 62534 64 73622
LP Model 2 push 780 52399 1373 63843 2297 75855

Table 4 shows the total delay and total taxi times for instance number 3, 4 and 5. Fimisthases the data is similar,
but with gradually increasing traffic. It is apparent from the results disathe traffic increases, the interactions between
aircraft, and hence delays, increase even without the pushback delay modelling, althoudéldlgesare still relatively
small. These interactions are increasing in a super-linear manner iarrétathe increase in the number of aircraft, as
would be expected. With the explicit pushback delay modelling included, the consequentréetayshahigher, as was
observed for instances 1 and 2. It is also obvious that the rate of increasdelayisais rapid as the number of aircraft is
increased. This will, therefore, be an even larger problem at aigderts than at quieter airports, with an increasing
importance for explicitly considering the pushback delays.

Table 5 shows the details of the flights in instance 1 that are affected by ty& &dights which are unaffected have
been omitted. It is apparent that the delays are actually affecting a small rafrfilggts to a fairly large extent, rathe
than being evenly spread across many aircraft. This sort of characteristiakédliteven more important to understand
these delays, since they can affect the predicted taxi times considerably faittyege This will make it increasingly
inappropriate to use predictions which do not consider pushback operations withitegrgtéad system. For example, a
3 or more minute discrepancy in predicted arrival time at the runwakely lio make a predicted runway sequence
unachievable. Similar results were observed for the rémgaimstances, 2 to 5. The results for all the instancesiammarised
in Table 6.

Both of the potential causes for delays were observed to occur in the eqsriaircraft pushing back and blocking
the taxi area for other aircraft (i.e. the aircrafsiping back is doing the blocking) and aircraft ginevented from pushing
back due to another aircraft passing at the time.

In most cases where aircraft delay each other with the QPRjofitlams and the LP Model 2, the delay was experienced
by the aircraft that was set to pushback later, as expected. This airtiraftemi not be able to start the pushback process
at all since the edges in front of the stand would need to be clear for the wiatlerdof the pushback process. However
with the LP Model 1 these kinds of delays were avoided as the aircraftabatet to push back had the priority most of
the time (its operation takes longer so it was more likely to stareewitien the two were in contention) and the second
type of delay was observed more often.

Comparing the approaches, it can be observed from the results that, even thgugihliaek process can increase the
amount of delay, the LP Model 1 seems to performing better than the LP Model 2 arRPIRié/@lgorithm for the first
four instances. LP Model 1 routes all of the aircraft in advance andagil the pushback process into consideration,
however the main reason that there are fewer delays is that it will allow an aorgrastt back immediately even if it has
to delay a taxiing aircraft to do so. This may not be practical at realtairpowever. In LP Model 1 if aircraft have the
same departure time they can also push aircraftibgmkrallel, resulting in aircraft not interacting wihch other. However,
in instance number 5 where there are aircraft departing every 2-3 minutes anddersftiaan aircraft not to interact
with another (as it is when pushing back at the same time in the sameetaforaModel 1) QPPTW algorithm and LP
Model 2 perform better than LP Model 1.

The QPPTW algorithm has the advantage of being able to reawmataft when necessary, whereas the LP models
always apply the shortest paths. In this case, however, this advantage seems ltelpeTios implies that the shortest
path approach works well for Arlanda. Investigating the extent to which thisissnot the case for other airport layouts,
where there are more options for paths with similar lengths, will be an interesting ar¢aréordsearch.

The majority of the additional delay was experienced within the area aroundtéiseand was caused directly by the
pushback process. However, in some cases the detegstolthe gates also caused later delays, withatiibeing delayed
enough to interact with other aircraft later ont Ewample, in instance 1 with the QPPTW algorithirgraft 9 delays aircraft
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10 and then aircraft 12 and 10 interact. This can also affect the order in which amivafat the runway in some cases.
For example, with Algorithm 1 aircraft arrive at the runway in the order 1D- 9 — 12, whereas with Algorithm 2 it is
11-9-10- 12. When considering the integration of systems,dfisaffect the feasibility of potential take-oéigsienes

with appropriate re-sequencing no longer being possible (see Atkin et al. 2007), and hence is also importastatedunder

Table 5. Flights which are affected by ground movement delays (Instance 1).

QPPTW Delays (Method 1| LP 1 Delays (Method 2)| LP 2 Delays (Method 2)
Flight ng Starttime | Stand DAIeIgalys DAIeIge;ys Diff. |No push Push | Diff. |Nopush Push | Diff.
1 05:04:12 | F37 0 0 - 0 93 93 0 0 -
2 05:04:46 | F39R 0 172 172 0 0 - 0 173 173
4 05:13:53 | S76 0 0 - 0 87 87 0 0 -
5 05:15:00 | S78 0 166 166 0 0 - 0 167 167
7 05:24:10 53 0 0 - 0 92 92 0 0 -
8 05:24:55 57 0 173 173 0 0 - 0 173 173
9 05:29:20 | G145 0 0 - 0 0 - 13 273 260
10 05:30:00 | G142 0 186 186 0 186 186 0 0 -
12 05:34:45 | F37 12 36 24 13 13 - 0 0 -
17 05:45:00 11 23 23 - 0 0 - 0 0 -
21 05:50:20 34 3 3 - 3 3 - 3 3 -
23 05:55:00 | F33R 0 0 - 0 0 - 10 10 -
25 05:58:57 41 10 10 - 10 10 - 0 0 -
27 06:04:40 17 0 0 - 6 6 - 6 6 -
28 06:04:53 40 20 20 - 0 0 - 0 0 -
30 06:05:52 36 0 0 - 0 254 254 0 0 -
31 06:09:52 42 0 9 9 0 0 - 0 10 10
36 06:15:20 38 7 7 - 7 7 - 7 7 -
37 06:18:03 32 0 0 - 0 181 181 0 0 -
39 06:22:02 34 0 82 82 0 0 - 0 83 83
40 06:26:14 35 0 0 - 0 84 84 0 0 -
41 06:27:35 39 0 174 174 0 0 - 0 175 175
43 06:30:00 31 0 0 - 6 6 - 0 0 -
44 06:30:00 33 14 252 238 0 0 - 14 252 238
Total 89 1313 1224 45 1022 977 53 1332 | 1279

Table 6. Results of including the pushback process.

QPPTW (Method 1)

LP Model 1(Method 2)

LP Model 2(Method 2)

Additional no. o|Additional delayAdditional no. o|Additional delayAdditional no. o|Additional delay
delays [s] delays [s] delays [s]
Instance 1 9 1224 7 977 8 1279
Instance 2 12 1777 11 1233 12 1783
Instance 3 5 757 6 573 5 760
Instance 4 13 1395 8 1025 8 1309
Instance 5 22 2313 16 2568 16 2233




78 Stergianos et al (2015)

Conclusion

This paper has investigated the importance of the pushback process in the routifgedalihgcproblem of the ground
movement of aircraft. Two different routing methods were considered, aithug configurations to examine the effect
of the pushback process. All of the methods (QPPTW, LP Model 1 and 2) had versionglidhand did not take the
pushback process into consideration.

In the first method the ground movement problem is solved using the QPPTW algeritioim finds the quickest path
that an aircraft can take in order to go from point A to point B, takingdotsideration the movement of previously
routed aircraft. In the second method, routes could be pre-determined for aircrtdie amsk was only to determine the
order in which movement happened. Two models were investigated, which had different prioritisations.

In all cases, the pushback process had a considerable effect upon the resulting delay$o Eaitsider the pushback
process meant that the taxi times for some aircraft could be greatlest@ted, substantially reducing the potential
benefits from using a ground movement system. It was observed that, although thestefays occurred around the
stands, where the pushback process happens, in some cases the delays had further effectalsitey otheraaircraft to
interact. In some cases the interactions even changed the order in which aircrafttreachedays, which could affect
the potential benefits from the interaction with a take-off sequencing s{steima system would benefit from increased
predictions of times and sequences for aircraft arriving at the runwaytldaeefal. 2008). The pushback operations had
an effect in all of the investigated experiments. Interestingly,ability to re-route aircraft does not seem to help for
Arlanda, where it seems to be a sensible option to use the shortest path.

Future research will investigate whether this changes for other airpout.ldy addition, the gate allocation obviously
has an effect upon the ground movement (see Neuman and Atkin, 2013), since indstefmere aircraft start their taxi
operations from, and this is another interesting area for future reseaiathwe will continue to investigate. In order to
maximise the benefits of airport automating in fattit will be increasingly important to considaetintegrated problems,
and having improved models for what actually happens in the ground movement operations will be ifopdniant
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