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Maximizing non-aeronautical revenues in airport terminals using gate 1 

assignment and passenger behaviour modelling 2 

 3 

Abstract 4 

Airports must ensure that their operations can efficiently adapt to the emerging needs considering 5 

both the passenger experience and their economic viability. One way to achieve this is by optimizing 6 

the airport operations, aiming to maximize revenue levels considering operational objectives and 7 

passenger requirements inside the airport. This study presents an original mixed-integer linear 8 

programming model (MILP), which combines the gate assignment problem with passenger behaviour 9 

modelling. First, a survey was conducted to collect relevant information to model passenger behaviour 10 

and the purchases conducted in a terminal, leading to the estimation of discrete choice models that 11 

quantify the probability that a passenger makes purchases of certain levels at the terminal according 12 

to their flight type (departure, arrival or transfer). Then, the proposed MILP model assigns gates which 13 

would expectedly increase the airport non-aeronautical revenues at the terminal airport by matching 14 

flights and passenger gate categories to the most profitable gates, considering the proximity to the 15 

retail area, the walking distance needed to get to a gate in a specified time-horizon and the operational 16 

constraints of the airport. The application to the Lisbon Airport case study showed a potential increase 17 

of 8% to 12.2% in revenues corresponding to 1,732.7€ and 2,967.3€ in half-an-hour time slots. 18 

Keywords: Gate Assignment Problem (GAP), Airport Management, Mixed-integer Linear Programming 19 

(MILP), Passenger Behaviour, Airport Revenue Management.  20 

 21 

1. Introduction 22 

 23 

Under a volatile aviation environment, airports are called to efficiently respond to the challenging 24 

management of passengers and aircraft operations ensuring both their economic viability and the 25 

improvement of passengers’ experience. In this endeavour, the proper management of airport 26 

resources is of paramount importance. Airport gates are part of such resources and the allocation of 27 

flights to these gates is a daily challenge for airport managers. At the same time, as the non-28 

aeronautical component of airport revenues holds a large share of total airport revenues, research 29 

opportunities arise to include non-aeronautical activities as a dimension in the planning of airside and 30 

landside airport operations. Not long ago, airports had to identify strategies to increase non-31 

aeronautical revenues (Freathy 2004), and cope with several drivers of change in the airport 32 

management, through a series of strategic measures designed to generate commercial revenues, 33 

including the preservation and segmentation of the customer base (Freathy 2004). In fact, airports 34 

that diversified their revenue sources (including non-aeronautical revenues) have also become more 35 

efficient (Tovar and Martin-Cejas 2009). Currently, non-aeronautical revenues may even represent 36 

more than 50% of total airport revenue, and therefore, different research studies in enhancing 37 

passenger experience have been conducted (Fasone et al., 2016). In order to do so, a comprehensive 38 

understanding of passenger perceptions and behaviours inside airports and its relationship to airport 39 

infrastructure management is required.  40 

According to Frank (2011), airport managers have put their efforts on non-aeronautical 41 

revenues from retailing activities. However, a paradox exists: efficiency requires minimizing waiting 42 
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time prior to boarding so that parking charges decrease for airlines, whereas passenger spending more 43 

time in the airport fill their waiting time in retail and beverage. It is rather the retail business than 44 

landing fees and service charges that make airport operations viable (Vogel 2011), as larger passenger 45 

volumes create greater opportunities for terminal retail revenues (Appold and Kasarda 2006; Appold 46 

and Kasarda 2011; Fuerst et al, 2011). Therefore, retailing activities and commercial partners are 47 

essential elements in value creation in airport business models (Rotondo 2019). In fact, their service 48 

attributes are some of the many airport attributes that influence the air traveller satisfaction (Fakfare 49 

et al. 2021).  50 

Passengers and aircrafts are handled through airport operations and are used as inputs and 51 

outputs of complex airport processes. The goal of this paper is to deliver a joint modelling approach 52 

of aircraft operations and passenger behaviour, leading towards an operational management 53 

framework that is cost-efficient and passenger centric. A modelling approach that combines 54 

simulation and optimization techniques for gate assignment is followed leading to the development 55 

of an original Mixed-Integer Linear Programming (MILP) model that includes the passenger behaviour 56 

dimension expressed as probabilities of purchasing levels (€) in the airport terminal.  57 

A three-fold methodology is applied. First, the optimization model for gate assignment is 58 

formulated. Then, a passenger survey is designed for the collection of passenger spending-related 59 

information and it is employed for the development of discrete choice models that simulate passenger 60 

purchasing behaviour. By considering information on passenger characteristics, experience and their 61 

purchasing behaviour, different purchasing categories per passenger type (departing, arriving or 62 

transferring passengers) are created. At the last step, the estimated probabilities on these different 63 

passenger categories are incorporated in the optimization model, so that the gate assignment that 64 

optimizes revenues and walking distances is designated. In a nutshell, the model increases the total 65 

spending of passengers at the airport by matching flights and passenger spending category to gates, 66 

considering the proximity to the retail area and the walking distances needed to get to the gates, in a 67 

specified time-horizon, while complying with several operational constraints. Although the 68 

consideration of walking distances has been analysed in previous research in terms of time and 69 

monetary value of gates, to the best of authors´ knowledge, the results of passenger behavioural 70 

analyses and revenue maximization has not yet been linked to gate assignment models. The modelling 71 

work to be carried out in this study is innovative also by jointly considering different passenger flows 72 

and experiences. Nowadays with the significant losses faced by airports due to the current and 73 

unexpected disruption incurred since the international emergency of coronavirus, and the economic 74 

impacts on transport infrastructure, the better understanding of passenger behaviour can be a key to 75 

the recovery process of airport businesses.  76 

This paper is structured in six sections. First, the current section introduced the need to do 77 

more research on non-aeronautical revenue management and its links to passenger behaviour and 78 

gate assignment. Then, section 2 presents the background research that contributed to the 79 

development of the current work, and afterwards, the methodology and the developed models are 80 

explained in section 3. The application of the methodology to the Lisbon airport follows in section 4, 81 

and finally, the paper presents the results and the implications for airport managers in section 5. 82 

Conclusions are provided in Section 6. 83 
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2. Literature review  84 

2.1. Gate assignment models 85 

Past research has broadly analysed the topic of gate assignment with early studies focusing 86 

on the minimization of the walking distances covered by passengers in an airport building (Haghani 87 

and Chen, 1998). Recommendations for airport planning also suggest this metric for airport design 88 

(IATA, 2014). Minimising walking distances allows passengers to have time for their favourite 89 

activities, while having more time for themselves, either to discover new activities available at the 90 

airport or to relax while waiting for the boarding. However, the passenger experience many times 91 

entails long walks, no seating and few activities. Entwistle (2007) found that 85% of passengers want 92 

easy access to shops from departure lounges and more than 60% plan to use airport shops and cafes. 93 

With the increase of international flights, the need to minimize the distance covered by transfer 94 

passengers from gate to gate arose in airport planning (IATA, 2014) and respective gate assignment 95 

optimization models focused on walking times (Kim et al., 2017; Benlic et al., 2017) and the probability 96 

of transfer passengers losing their flight (Benlic et al., 2017). In previous studies, various walking 97 

distances have been considered. Jiang et al. (2013) in their multi-objective gate assignment model 98 

considered three passenger walking distances: i) the arrival passenger distance, namely the distance 99 

from gate to baggage hall; ii) the departure passenger distance, i.e. the distance from security check 100 

to gate and iii) the transfer walking distance, i.e. the distance from gate to transit counter and then to 101 

the gate of the next flight. Consideration of walking distances affects not only costs but also passenger 102 

satisfaction (Kim et al., 2017). 103 

Another approach to gate assignment optimization is the fulfilment of airport and/or airline 104 

requirements and preferences related to the utilization of airport infrastructure and the processes 105 

that take place in it. Some common objectives concern the minimization of ungated flights (Deng et 106 

al., 2017), the minimization of the number of flights attributed to remote gates, which require the 107 

transfer of passengers by bus (Dell’ Orco et al., 2017), and the maximization of satisfaction of airline 108 

preferences (Benlic et al., 2017). Regarding processes in the airside, i.e. where the aircrafts move, 109 

common objectives of the optimization problems have been the minimization of towing movements 110 

(movement of aircrafts on ground between gates) (Benlic et al., 2017; Dijk et al., 2018) and their 111 

associated costs (Kumar and Bierlaire, 2014; Yu et al., 2016; Yu et al., 2017). 112 

Another suggested cluster of optimization objectives is related to the robustness of the 113 

achieved solutions to incurred changes in flight plans, e.g. due to possible flight delays (Daş et al., 114 

2020). Three types of objectives have been suggested: i) those related to the idle time of the aircraft 115 

between flights (Benlic et al., 2017; Deng et al., 2017; Kumar and Bierlaire, 2014), ii) those that cater 116 

for gate conflicts (Yu et al., 2016; Yu et al., 2017; Castaing et al., 2016) and iii) those that measure the 117 

deviation from a reference schedule (Nikulin and Drexl, 2010).  118 

Optimized solutions to gate assignment problems may consider one or multiple objectives. 119 

Considering the complexity of airport operations, the use of single objective optimization problems 120 

has been considered inappropriate and the approach of aggregating multiple objectives in one 121 

function by using weights has been adopted by various studies (Daş et al., 2020).  122 

Recent approaches (Benlic et al., 2017; Yu et al., 2016; Yu et al., 2017; Mokhtarimousavi et al., 123 

2018) in gate assignment tend to be all passenger-, airport- and robustness-oriented. In these studies, 124 

passengers are treated as a unidimensional agent with the same characteristics in all types of airports 125 

and models. However, as airports link international destinations the requirements, the preferences 126 
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and the overall behaviour of the passengers vary. For airports, this is especially important, considering 127 

that passenger movements do not only generate aircraft movements and related aeronautical 128 

revenues but are also sources of non-aeronautical revenues generated by passenger behaviour using 129 

retail, beverage and other areas in the free time before boarding and these aspects vary among origins 130 

and destinations.  131 

2.2. Passenger behaviour modelling 132 

The importance of non-aeronautical activities and revenues has risen significantly (Graham, 133 

2018) and the engagement to these activities varies among passengers and airports (Castillo-Manzano 134 

et al., 2018). Passenger clusters with common purchasing characteristics have emerged (Chung et al., 135 

2013) and two types of passenger shopping behaviours have been identified (pre-planned or 136 

impulsive) according to shopping perceptions and purchase levels (Lin and Chen, 2013; Lu, 2014). 137 

In the context of discretionary activities and non-aeronautical revenues, passenger-centric 138 

information has also been included in the modelling of passenger behaviour. Puls and Lentz (2018) 139 

conducted semi-structured interviews with executives and senior managers from Zurich and Basel 140 

airports, to explore the passenger shopping experience, and found out that personalized offerings can 141 

improve non-aeronautical revenues. However, such passenger-centric concept can only be 142 

accomplished with richer data and indicators to identify the type of customer (e.g. impulsive buyer, 143 

mood shopper, shopping lover, etc.). Freitas et al. (2021) also discussed the role of the customer 144 

experience in a case study at the main Brazilian airports, finding out that passenger satisfaction levels 145 

were influenced by the passenger’s profile and individual perception on commercial facilities and on 146 

food services. For instance, they showed that frequent flyers were less satisfied and passengers 147 

travelling alone were more satisfied. More recently, Pant (2022) also discussed the role of 148 

technologies in the behaviour of young adult travellers at airports, defending that improving insight 149 

on the social practices of young adult travellers and their use of self-service technologies at airports 150 

can increase non-aeronautical revenues even further.    151 

 Regarding the airport design and passenger behaviour, higher purchase levels have been 152 

associated to the closeness of the passenger´s flight gate to the retail area (Geuens, 2004). Previous 153 

work has shown that walking distances are important to passenger activities, as they prefer to first 154 

walk until gate and then, according to the closeness and time availability, decide if they will go back 155 

to the retail area for shopping activities or not (Kalakou and Moura, 2015). As walking distances are 156 

dependent on gate assignment, the latter is a process that could influence the range of non-157 

aeronautical revenues of an airport.  158 

In general, the passenger experience can increase the passenger willingness to pay for more 159 

products and services (Crawford and Melewar, 2003). Passengers who arrive early at the airport and 160 

have time available before flight departure are more likely to spend money on food and drinks 161 

(Castillo-Manzano and López- Valpuesta, 2013; Tseng and Wu, 2019) and use both commercial areas 162 

and services (Torres et al., 2005). The area of non-aeronautical activities also varies according to 163 

passenger characteristics (Kalakou and Moura, 2021). Passengers choose to spend more time in 164 

activities before the security checkpoint, especially when they travel in groups (Cheng et al., 2014), 165 

unless they have conducted the check-in online (Kalakou and Moura, 2015). Lower engagement to 166 

activities is expressed by passengers travelling with low-cost carriers (Castillo-Manzano and López- 167 

Valpuesta, 2013) or with only carry-on baggage (Liu et al., 2014). Personal aspects of the passengers 168 

such as higher education, older age, higher income, female gender, travelling by aircraft with low 169 

frequency affect positively purchases in the airport (Castillo-Manzano, 2010; Liu et al., 2014; Chiappa 170 
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et al., 2021). The group size may have various effects according to the group size; travelling with more 171 

people positively affects the purchasing behaviour (Castillo-Manzano and López- Valpuesta, 2013) but 172 

when travelling in a group with children, this may impede the purchasing behaviour (Castillo-173 

Manzano, 2010; Castillo-Manzano and López- Valpuesta, 2013; Liu et al., 2014). The flight status may 174 

also affect passenger behaviour as delays may encourage engagement to retail activities (Wen et al., 175 

2019; Choi and Park, 2022) but only up to a certain delay duration (Choi and Park, 2022). 176 

2.3. Opportunities in mixed modelling approaches 177 

Mixed approaches in gate assignment problems have led to the assignment of more 178 

passengers to gates that could increase shopping revenues through the minimization of walking 179 

distance and the maximization of the number of flights at gates close to the shopping area (Daş, 2017; 180 

Dijk et al., 2018). Dijk et al. (2018) considered an objective metric that aimed to maximize the potential 181 

revenue per gate and flight using data on purchases of specific flights per store derived from historical 182 

non-aeronautical revenue data of an airport and the number of stores between each gate and the 183 

retail area.  184 

In current studies, the distances of the gates from retail areas have been monetized and 185 

associated in an aggregated way to non-aeronautical revenues generated by passengers. The 186 

disaggregated behaviour of passengers is still not explored. This constitutes a gap in the state-of-the-187 

art and an opportunity to develop behavioural models that could enrich the current gate assignment 188 

optimization models. The contribution of integrating such passenger simulation models has been 189 

previously illustrated in Kalakou et al. (2015) and Wu and Chen (2021). Passenger purchasing 190 

behaviour could be integrated in the gate assignment process so that optimum allocations of flights 191 

to gates are decided leading to revenue maximization while complying with operational and business 192 

objectives. Such a process could be of great utility to airport managers who could have the opportunity 193 

to make decisions on their gate assignment plans by maximizing the efficiency in the utilization of their 194 

gates and the generation of non-aeronautical revenues. 195 

Airport operators are called upon to efficiently handle both aircraft and passenger 196 

movements, satisfying the needs of airlines and passengers. Serving high volumes of passengers and 197 

aircrafts demands efficient airport operations that will ensure a pleasant passenger experience in the 198 

terminal and smooth aircraft movements between the terminal, the apron area and the runway. The 199 

airport gates mark the border line of the landside and the airside of an airport. At this point aircrafts 200 

disembark arriving passengers to embark departing passengers. This transition marks the beginning 201 

or the end of the passenger experience in the terminal and is the intermediate point of the aircraft´s 202 

journey in the airport; after reaching a gate an aircraft needs either to get prepared for a new flight 203 

departure or park in the airport stands until the next departure.  204 

At the planning stage of an airport, the airport design provides the appropriate conditions for 205 

the safe and smooth movement of aircrafts in the airside area. At the operational stage of an airport, 206 

airport management decisions determine the efficient operation of this area. An important task at this 207 

stage that controls the movements of aircrafts is the process of gate assignment of flights to gates. 208 

Gate assignment is a challenging task considering the uncertainties related to aircraft arrival and 209 

departure times and the adjustments required during a day due to delays and/or cancelations. For 210 

example, in 2018 the share of flights in European airports “arriving within 15 minutes of their 211 

scheduled time was 75.7% and the average departure delay was 14.4 minutes in 2018” (Eurocontrol, 212 

2018). Such deviations from the flight plans cause delay propagations among airports and require 213 

airport managers to adjust very often their gate assignment plans during a day so that they manage 214 
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to accommodate all flight arrivals and departures by matching airlines´ demand in gates and parking 215 

stands with the airport´s supply, namely its capacity. 216 

The current work looks at the gate assignment task of airport operators in a holistic view of 217 

airport management encompassing operational aspects of optimizing the flight allocation to airport 218 

gates and better managing passenger flows. Passengers care for many more aspects during their stay 219 

at the airport than walking distances, which has been the principle considered aspect in the literature. 220 

Considering the complexity of the human nature and decision-making, it is suggested that additional 221 

aspects can be included in mathematical formulation of the gate assignment problem towards more 222 

passenger-centric dimensions of the problem.  223 

3. Methodology 224 

 225 

The gate assignment problem is a challenge for airports and airline companies as it entails a 226 

large number of flights and schedules and how it affects the passenger experience. Airports are called 227 

to allocate flights to gates in the most efficient way, corresponding to the airlines’ requests for a gate 228 

and ideally increasing passenger consumption in the airport terminal. This allocation process has to 229 

comply with certain operational constraints, e.g. a departing flight to a non-Schengen destination can 230 

only be assigned to a gate that has a passport control infrastructure. Moreover, a flight can only be 231 

assigned to a gate capable of receiving a flight of such conditions, e.g. an Airbus A300 cannot be 232 

assigned to a gate that is only able to operate smaller aircrafts due to structural and/or operational 233 

restrictions. Therefore, flights and gates are classified so that these compatibilities in the allocation 234 

process can be constrained. Passenger consumption is also defined using different purchasing levels 235 

and the different passenger categories (departing, arriving and transfer passengers). Therefore, 236 

different classes of passengers are defined to distinguish their different categories and purchasing 237 

power level (see Table 2 for an example).  238 

Consequently, an optimization model is presented in this study to combine all the associated 239 

variables and obtain an optimised gate allocation. The formulation intends to take the perspective of 240 

the airport manager, who aims to both satisfy airline and passenger requirements and ensure the 241 

economic viability of non-aeronautical activities, specifically the ones related to retail. Thus, it is aimed 242 

to minimize the walking distance that a passenger needs to walk to arrive at the gate, while maximizing 243 

the potential revenues arising from passenger purchases. In this process, airport restrictions and 244 

airline requirements are also considered. Three different passenger types are used in this formulation: 245 

arriving, departing and transferring passengers. Later, by using the survey data, an assignment is made 246 

to the probability of spending a certain amount of money per each passenger category and passenger 247 

type (arriving, departing and transferring). In practical terms, the optimization process will allow that 248 

the passengers with higher probability of spending money to be the closest as possible to the centre 249 

of retail area.  250 

The present mathematical model is based on the model developed in Lim et al. (2005) which 251 

allows a time window for each flight, so that the actual arriving and departure times do not have to 252 

be fixed to a certain schedule. Instead, they are able to slide in the flight “time-window”. Some 253 

variables and constraints were used based on Lim et al. (2005), and then the model was adapted to 254 

be closer to our case study, namely in the definition of the objective function and some other 255 

constraints. The proposed model is a Mixed-Integer Linear Programming, which was implemented in 256 
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the optimization software FICO Xpress (version 8.11) and run in a 16 GB (RAM) computer with an Intel 257 

Core i7-7700k processor (4.20 GHz).  258 

Figure 1 provides a simple representation of the sequence of times associated to a given flight 259 

j. Prior to gate assignment, there is an expected time window [𝑎𝑗, 𝑑𝑗], i.e. between the expected arrival 260 

time and the expected departure time, in which a gate assignment decision is made and arriving 261 

passengers may disembark the aircraft at time 𝑏𝑗 and departing passengers may embark the aircraft 262 

at time 𝑐𝑗. 263 

 264 

 265 
Figure 1 – Sequence of times for flight j: expected arrival time (𝒂𝒋), time that passengers disembark the aircraft (𝒃𝒋), time 266 

that passengers embark the aircraft (𝒄𝒋) and expected departure time (𝒅𝒋).  267 

 268 

The original model is presented below, detailing the constants and sets (section 3.1), the 269 

parameters (sections 3.2), the decision variables (section 3.3), the objective function (section 3.4) and 270 

finally the constraints (section 3.5). 271 

 272 

3.1. Constants and Sets 273 

 274 
NG Number of gates 275 

NF Number of flights 276 

NPC Number of passenger categories 277 
 278 

𝑮 Set of gates 𝑮 = {1, … , NG} 279 

𝑭 Set of flights 𝑭 = {1, … , NF} 280 

𝑷 Set of passenger categories 𝑷 = {1, … , NPC} 281 

3.2. Parameters 282 

 283 
𝑎𝑗 The expected arrival time (in minutes) of flight 𝑗 

𝑑𝑗 The expected departure time (in minutes) of flight 𝑗 

  
𝑛𝑝,𝑗

𝑎  Number of passengers arriving at the airport from flight 𝑗, according to passenger 
category 𝑝 
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𝑛𝑝,𝑗
𝑑  Number of passengers departing on flight 𝑗, according to passenger category 𝑝 

𝑛𝑝,𝑗,𝑗2

𝑡  Number of passengers in transfer from flight 𝑗 to flight 𝑗2, according to passenger 
category 𝑝 

  
𝑤𝑖

𝑎 Walking distance of arriving passengers from gate 𝑖 to the baggage claim area 

𝑤𝑖
𝑑 Walking distance of departing passengers from the main retail area to gate 𝑖  

𝑤𝑖,𝑖2

𝑡  Walking distance between gate 𝑖 and gate 𝑖2 

  
𝑟𝑝,𝑖

𝑎  Revenues from arriving passengers of category 𝑝 arriving at gate 𝑖 

𝑟𝑝,𝑖
𝑑  Revenues from departing passengers of category 𝑝, departing from gate 𝑖 

𝑟𝑝,𝑖
𝑡  Revenues from transfer passengers of category 𝑝, arriving at gate 𝑖 

  
𝑐𝑝

𝑎 Cost per distance of arriving passengers of category 𝑝 

𝑐𝑝
𝑑 Cost per distance of departing passengers of category 𝑝 

𝑐𝑝
𝑡  Cost per distance of transferring passengers of category 𝑝 

  
𝑔𝑖 Classification of gate 𝑖 

𝑔𝑖
𝑆 Classification of gate 𝑖 if Schengen or non-Schengen 

𝑓𝑗 Classification of flight 𝑗  

𝑓𝑗
𝑆 Classification of flight 𝑗 if Schengen or non-Schengen 

  
  

𝜃𝑖 Time (in minutes) from runaway to gate 𝑖 and vice versa 
𝛿𝑖  Prepare time for departure or arrival between pilot and airport manager and time 

required for passengers to enter/leave the aircraft from/to gate 𝑖 (in minutes) 

𝜏𝑖,𝑖2

𝑡  Minimum time (in minutes) to allow transfer between gate 𝑖 and gate  𝑖2 

𝜏𝑖 Minimum time (in minutes) of free-gate between two flights in gate 𝑖 
  

𝑥𝑖,𝑗
𝑃  

 
𝑀 

Gate allocation of flight 𝑗 at gate 𝑖 staying on the ground before the time interval studied 
 

Large number (e.g. 𝑀 = 105) 

3.3. Decision variables 284 

 285 

Three binary decision variables are defined:  286 

𝑥𝑖,𝑗 = {
1, if flight 𝑗 is assigned to gate 𝑖
0, otherwise

 287 

 288 

𝑦𝑗,𝑗2
= {

1, if flight 𝑗 departs no later than flight 𝑗2 lands
0, otherwise

 289 

 290 

𝑧𝑖,𝑖2,𝑗,𝑗2
= {

1, if flight 𝑗 is assigned to gate 𝑖 and flight 𝑗2 is assigned to gate 𝑖2

0, otherwise
 291 

 292 

Two additional decision variables are defined, which are linearly dependent on decision variable 𝑥𝑖,𝑗 293 

through equations (12) and (13). 294 

𝑏𝑗  Time that passengers disembark flight 𝑗. Note that, in the optimization model in constraint 295 
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(12), the variable 𝑏𝑗 is a linear dependent variable of 𝑥𝑖,𝑗 296 
 297 
𝑐𝑗  Time that passengers board flight j. Note that, in the optimization model in constraint (13), 298 

the variable 𝑐𝑗 is a linear dependent variable of 𝑥𝑖,𝑗. 299 

 300 

3.4. Objective Function 301 

 302 
The objective function (1) consists of six components (𝑂1, 𝑂2, 𝑂3, 𝑂4, 𝑂5 and 𝑂6), detailed 303 

respectively in Equations (2)-(7). The first three components quantify the money spent by passengers: 304 

𝑂1 corresponding to revenues from transferring passengers, 𝑂2 from arriving passengers and 𝑂3 from 305 

departing passengers. The last three components correspond to the minimization of costs associated 306 

with walking distances for transferring passengers (𝑂4), for arriving passengers (𝑂5) and departing 307 

passengers (𝑂6). 308 

 309 
Maximize 𝑂𝑇𝑂𝑇𝐴𝐿 = 𝑂1 + 𝑂2 + 𝑂3 − 𝑂4 − 𝑂5 − 𝑂6                                                                          (1) 310 

 311 

With each component of the objective function defined as: 312 

  313 

𝑂1 =  ∑ ∑ ∑ ∑ ∑ 𝑛𝑝,𝑗,𝑗2

𝑡  . 𝑟𝑝,𝑖
𝑡  . 𝑧𝑖,𝑖2,𝑗,𝑗2

NPC

𝑝=1

NF

𝑗2=1

NF

𝑗=1

NG

𝑖2=1

NG

𝑖=1

                                                                                             (2) 314 

 315 

𝑂2 =  ∑ ∑ ∑ 𝑛𝑝,𝑗
𝑎  . 𝑟𝑝,𝑖

𝑎  . 𝑥𝑖,𝑗

NPC

𝑝=1

NF

𝑗=1

NG

𝑖=1

                                                                                                                        (3) 316 

 317 

𝑂3 =  ∑ ∑ ∑ 𝑛𝑝,𝑗
𝑑  . 𝑟𝑝,𝑖

𝑑  . 𝑥𝑖,𝑗

NPC

𝑝=1

NF

𝑗=1

NG

𝑖=1

                                                                                                                        (4) 318 

 319 

𝑂4 =  ∑ ∑ ∑ ∑ ∑ 𝑛𝑝,𝑗,𝑗2

𝑡  . 𝑐𝑝
𝑡  . 𝑤𝑖,𝑖2

𝑡  . 𝑧𝑖,𝑖2,𝑗,𝑗2

NPC

𝑝=1

NF

𝑗2=1

NF

𝑗=1

NG

𝑖2=1

NG

𝑖=1

                                                                                    (5) 320 

 321 

𝑂5 =  ∑ ∑ ∑ 𝑛𝑝,𝑗
𝑎  . 𝑐𝑝

𝑎  . 𝑤𝑖
𝑎 . 𝑥𝑖,𝑗

NPC

𝑝=1

NF

𝑗=1

NG

𝑖=1

                                                                                                                  (6) 322 

 323 

𝑂6 =  ∑ ∑ ∑ 𝑛𝑝,𝑗
𝑑  . 𝑐𝑝

𝑑  . 𝑤𝑖
𝑑  . 𝑥𝑖,𝑗

NPC

𝑝=1

NF

𝑗=1

NG

𝑖=1

                                                                                                                 (7) 324 

 325 

3.5. Constraints 326 

The objective function (1) is subject to the following constraints: 327 

 328 
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∑  𝑥𝑖,𝑗

NG

𝑖=1

= 1      ∀ 𝑗 ∈ 𝐹                                                                                                                                         (8) 329 

 330 
𝑧𝑖,𝑖2,𝑗,𝑗2

≤ 𝑥𝑖,𝑗        ∀ 𝑗, 𝑗2 ∈ 𝐹;  𝑖, 𝑖2 ∈ 𝐺                                                                                                             (9) 331 

 332 
𝑧𝑖,𝑖2,𝑗,𝑗2

≤ 𝑥𝑖2,𝑗2
      ∀ 𝑗, 𝑗2 ∈ 𝐹;  𝑖, 𝑖2 ∈ 𝐺                                                                                                         (10) 333 

 334 
𝑥𝑖,𝑗 + 𝑥𝑖2,𝑗2

− 1 ≤ 𝑧𝑖,𝑖2,𝑗,𝑗2
             ∀ 𝑗, 𝑗2 ∈ 𝐹;  𝑖, 𝑖2 ∈ 𝐺                                                                               (11) 335 

 336 

𝑏𝑗 = 𝑎𝑗 + ∑(𝜃𝑖 + 𝛿𝑖) . 𝑥𝑖,𝑗

NG

𝑖=1

          ∀ 𝑗 ∈ 𝐹                                                                                                      (12) 337 

 338 

𝑐𝑗 = 𝑑𝑗 − ∑(𝜃𝑖 + 𝛿𝑖) . 𝑥𝑖,𝑗

NG

𝑖=1

          ∀ 𝑗 ∈ 𝐹                                                                                                      (13) 339 

 340 
𝑐𝑗 − 𝑏𝑗2

+ 𝑦𝑗,𝑗2
. 𝑀 ≥ 0                    ∀ 𝑗, 𝑗2 ∈ 𝐹                                                                                                (14) 341 

 342 
𝑐𝑗 − 𝑏𝑗2

− (1 − 𝑦𝑗,𝑗2
). 𝑀 ≤ 0         ∀ 𝑗, 𝑗2 ∈ 𝐹                                                                                                (15) 343 

 344 
𝑦𝑗,𝑗2

+ 𝑦𝑗2,𝑗 ≥ 𝑧𝑖,𝑖,𝑗,𝑗2
         ∀ 𝑗, 𝑗2 ∈ 𝐹, 𝑖 ∈ 𝐺 ∧  𝑗 ≠ 𝑗2                                                                                 (16) 345 

 346 
𝑔𝑖 ≥ 𝑓𝑗 . 𝑥𝑖,𝑗         ∀ 𝑗 ∈ 𝐹, 𝑖 ∈ 𝐺                                                                                                                        (17) 347 

 348 
𝑥𝑖,𝑗 = 0          ∀ 𝑗 ∈ 𝐹, 𝑖 ∈ 𝐺 ∧  𝑔𝑖

𝑆 ≠ 𝑓𝑗
𝑆                                                                                                        (18) 349 

 350 

𝑐𝑗2
− 𝑏𝑗 ≥ 𝜏𝑖,𝑖2

𝑡 . 𝑧𝑖,𝑖2,𝑗,𝑗2
         ∀ 𝑗, 𝑗2 ∈ 𝐹;  𝑖, 𝑖2 ∈ 𝐺 ∧ ∑ 𝑛𝑝,𝑗,𝑗2

𝑡

NPC

𝑝=1

≥ 0                                                       (19) 351 

𝑏𝑗2
− 𝛿𝑖 − 𝜏𝑖 − 𝑐𝑗 − 𝛿𝑖 ≥ −𝑀. (2 − 𝑥𝑖,𝑗 − 𝑥𝑖,𝑗2

)                                                                                                   352 

 353 
                                                                           ∀ 𝑗, 𝑗2 ∈ 𝐹;  𝑖 ∈ 𝐺 ∧  𝑗 ≠ 𝑗2  ∧  𝑎𝑗 ≤ 𝑎𝑗2

                              (20) 354 

 355 
𝑥𝑖,𝑗 ≤ 𝑥𝑖,𝑗

𝑃           ∀ 𝑗 ∈ 𝐹, 𝑖 ∈ 𝐺                                                                                                                           (21) 356 

 357 
𝑥𝑖,𝑗 ∈ {0, 1}          ∀ 𝑗 ∈ 𝐹, 𝑖 ∈ 𝐺                                                                                                                        (22) 358 

 359 
𝑦𝑗,𝑗2

∈ {0, 1}          ∀ 𝑗, 𝑗2 ∈ 𝐹                                                                                                                            (23) 360 

 361 
𝑧𝑖,𝑖2,𝑗,𝑗2

∈ {0, 1}          ∀ 𝑗, 𝑗2 ∈ 𝐹;  𝑖, 𝑖2 ∈ 𝐺                                                                                                     (24) 362 

 363 
Constraints (8)-(16) are similar to the ones introduced by Lim et al. (2005). Constraint (8) 364 

ensures that each flight is assigned only to a single gate. Constraint (9)-(11) jointly define variable 𝑧: 365 

the first ensures that there can only be a transfer if flight 𝑗 has been assigned to gate 𝑖; the second 366 

one that there can only be a transfer if flight 𝑗2 has been assigned to gate 𝑖2, and the third one that 𝑧 367 

is equal to one only if flight 𝑗 is assigned to gate 𝑖 and flight 𝑗2 to gate 𝑖2. 368 

Constraint (12) ensures that when the aircraft is ready to disembark passengers the following 369 

time sequence is taken into consideration: the moment the aircraft touches land (𝑎𝑗), the time from 370 
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the runway to the gate (𝜃𝑖) and the time needed for the aircraft to inform the tower of their arrival to 371 

the gate and other bureaucratic and security reasons (𝛿𝑖). In the same way, constraint (13) ensures 372 

that in the moment the aircraft is expected to leave the ground (𝑑𝑗), it is necessary to consider the 373 

time needed for the aircraft to communicate their readiness to leave the gate to the tower and other 374 

bureaucratic and security reasons (𝛿𝑖), as well as the time needed for the aircraft to go from the gate 375 

to the runway (𝜃𝑖). Note that constraint (8) ensures that, for a given flight 𝑗, a single gate is assigned, 376 

and thus a single addition/reduction of time (𝜃𝑖 + 𝛿𝑖) are considered in constraint (12)/(13). This 377 

assumes that a flight has additional times that are the same for the landing to gate and for gate to 378 

departure. Moreover, it is also assumed that these additional times (𝜃𝑖 + 𝛿𝑖) are known in advance 379 

and do not change due to congestion or other delay event. In fact, these additional times can be 380 

simplified to 𝛿𝑖 = 𝛿 = 3 min, for instance. 381 

Constraints (14) and (15) are a combination to make sure that it is not possible for two 382 

different flights to occupy the same gate at the same time. Constraint (16) was adapted from Lim et 383 

al. (2005) and specifies that one gate cannot be occupied by two flights simultaneously. 384 

Constraint (17) ensures that a flight can only be assigned to a gate capable of receiving a flight 385 

of such conditions. For example, an Airbus A300 cannot be assigned to a gate that is only able to 386 

operate smaller aircrafts due to structural and/or operational restrictions. However, a smaller aircraft 387 

can be assigned to a gate with a higher capacity to receive a larger aircraft. 388 

Constraint (18) ensures that an arriving (or departing) flight from (or to) a Schengen origin (or 389 

destination) is assigned to a corresponding gate that has the infrastructure needed (e.g. passport 390 

control). Moreover, a non-Schengen flight cannot be assigned to a Schengen gate. 391 

Constraint (19) ensures that for a transfer to occur, there needs to be a minimum time 392 

between flights occupying different gates. The amount of time needed for a passenger to walk from 393 

one gate to another, as well as the time for a passenger to leave and enter the aircraft needs to be 394 

taken into account. 395 

Constraint (20) ensures that each gate can only take one flight at a time. First, note that we 396 

are assuming that if flight 𝑗 lands first than flight 𝑗2 (note that the constraint is only valid for ∀ 𝑗, 𝑗2 ∈397 

𝐹 ∶ 𝑎𝑗 ≤ 𝑎𝑗2
), then it will be assigned to a gate first. Moreover, flights cannot occupy the same gate 398 

within the same time window. Therefore, if any binary decision variable 𝑥𝑖,𝑗 or 𝑥𝑖,𝑗2
 is equal to 1, then 399 

constraint (20) will not impose anything between disembarking time 𝑏𝑗2
 and embarking time 𝑐𝑗. 400 

However, if both binary decision variables 𝑥𝑖,𝑗  and 𝑥𝑖,𝑗2
 are equal to one, then 𝑏𝑗2

 (the disembarking 401 

of passengers from flight 𝑗2) can only happen after 𝑐𝑗 plus 2𝛿𝑖 + 𝜏𝑖  (embarking of passengers from 402 

flight 𝑗 plus two prepare times for departure or arrival (2𝛿𝑖) and the minimum time of free-gate 403 

between two flights in gate 𝑖 (𝜏𝑖). Note that constraints (12) and (13) support the computation of 𝑏𝑗2
 404 

and 𝑐𝑗, respectively. 405 

Constraint (21) allows the user to enter the flights that are already on the ground before the 406 

gate assignment, i.e. it constrains the gates that are already occupied and thus, it does not allow the 407 

model to use the same gate for another flight. To introduce this in the model, a parameter is added 408 

𝑥𝑖,𝑗
𝑃 , which is equal to 1 when gate 𝑖 and flight 𝑗 are already assigned previously to the desired time 409 

horizon to be optimized, and 0 otherwise. Finally, constraints (22), (23) and (24) specify that the 410 

decision variables 𝑥𝑖,𝑗, 𝑦𝑗,𝑗2  and 𝑧𝑖,𝑖2,𝑗,𝑗2
 are binary variables. 411 

4. Modelling passenger behaviour 412 

 413 
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A survey was designed and conducted through a web-based revealed preference survey to 414 

airport travellers, who experienced departing, arriving or transferring at Terminal 1 of Lisbon Airport. 415 

Terminal 2 was excluded from the survey. The survey was designed using ‘Google Forms’ application 416 

and allowed to divide the respondents in three different groups: departing, arriving or transferring 417 

passengers. The purpose of the survey was to gather useful information on how passengers behave 418 

inside the airport in order to develop discrete choice models to estimate the passengers’ purchasing 419 

power, which can later be integrated in the gate assignment optimization model presented in section 420 

3. Information on time-related aspects, passenger personal characteristics, the air trip features, the 421 

activities and purchases performed by the passenger while at the terminal and the easiness of 422 

orientation of the passenger inside the airport were collected. Passengers were categorized into 423 

groups according to their purchasing levels and the use of the airport (arrival, departure, transfer). 424 

The probability of belonging to each group was modelled using discrete choice modelling and included 425 

in the optimization model through the estimation of the number of passengers for each passenger 426 

type: arriving (𝑛𝑎), departing (𝑛𝑑) and transferring (𝑛𝑡) passengers. 427 

4.1. Survey and descriptive statistics  428 

Lisbon Airport, also known as Humberto Delgado Airport or Portela Airport, is the largest and 429 

most important airport in Portugal. It has 2 civil terminals (T1 and T2) and one military terminal. The 430 

airport is the main hub to the Portuguese front-carrier TAP Air Portugal and is run by ANA Aeroportos 431 

de Portugal, VINCI Airports, S.A, which in combination with Portway - Handling de Portugal, S.A, 432 

comprise the ANA Group. The growth levels achieved in Portugal have been high due to the low-cost 433 

carriers consolidating their market presence and development of touristic offer in Portugal. The 434 

numbers show the significant development of air traffic throughout the years. According to ANA 435 

(2018), in 2018, there were 214,187 aircraft movements (plus 4.6 % than in 2017) and 29.284 million 436 

passengers (plus 6.5 % than in 2017), which accounts for more than 50.0 % of the entire country 437 

airport passengers (around 56 million). In terms of aviation business, this sector contributed in 2018 438 

with 73.7 % of total ANA Group turnover, which corresponds to 611.5 M€. In terms of non-aviation 439 

business, it represented 26.3 % of the total turnover of the ANA Group, corresponding to 218.7 M€, 440 

with the retail business representing 56.4 % of the non-aviation income. In this section, the application 441 

results to Lisbon airport are presented and discussed. 442 

To obtain data on passenger characteristics, a survey was conducted to passengers that have 443 

departed, arrived or had a transfer at Terminal 1 of Lisbon Airport. Aspects related to time 444 

management, personal information, air-trip information, the activities performed in the terminal and 445 

orientation information were collected. The gathered data can provide insights on passenger choices, 446 

which are of potential interest to airport managers in order to complement their decision-making 447 

process on gate assignment, with this additional knowledge on passenger behaviour.  448 

In total, 650 individuals fully completed the survey, with 447 answers corresponding to 449 

departure trips, 609 to arrivals at Lisbon Airport and 349 answers about a transfer done at any airport 450 

in the world. This was added to the survey, since it was almost impossible to guarantee a satisfactory 451 

number of answers from passengers transferring at Lisbon Airport. The survey was also separated in 452 

terms of type of passenger and each one will be shortly described. Some descriptive statistics from 453 

the sample are presented in Table 1. 454 

 455 
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Table 1. Socioeconomic statistics of the sample 456 

Variable Category % of total sample 

Gender Male 53% 

 Female 47% 

Age 18_22 21% 

 22_29 27% 

 30_50 38% 

 51_65 12% 

 More than 65 2% 

Nationality Portuguese 94% 

 Other European 4% 

 Not European 2% 

Income status Loose 22% 

 No difficulty to live 68% 

 Some difficulties to live 5% 

 No income 5% 

Departure time Morning 40% 

 Afternoon 39% 

 Night 21% 

Arrival mode Car 17% 

 Car lift 32% 

 Ride hailing 19% 

 Metro 11% 

 Taxi 10% 

 Bus 2% 

 Other (hotel bus, train) 9% 

Air trip purpose Business 22% 

 Studies 13% 

 Holidays 49% 

 Personal 16% 

Air trip frequency No air trip/year 2% 

 1-3 air trips/year 50% 

 4-12 air trips/year 40% 

 More than 12 air trips/year 8% 

Travel group Travel alone 35% 

 Travel companions = 1 29% 

 Travel companions = 2 12% 

 Travel companions = 3 14% 

 Travel companions = 4 7% 

 Travel companions = 5 2% 

 Travel companions = 6 1% 

Travel with children Yes 9% 

 No 91% 

Terminal use frequency 1-3 times/year 61% 

 4-10 times/year 25% 

 More than 10 times/year 14% 

Wayfinding in terminal Very difficult 4% 
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 Difficult 11% 

 Moderate 19% 

 Easy 38% 

 Very easy 28% 

Stress Stress level =1 30% 

 Stress level =2 29% 

 Stress level =3 18% 

 Stress level =4 17% 

 Stress level =5 6% 

Fear Fear level =1 48% 

 Fear level =2 27% 

 Fear level =3 11% 

 Fear level =4 11% 

 Fear level =5 3% 

Destination Schengen 63% 

 not Schengen 15% 

 International 22% 

Baggage Hold baggage (yes) 54% 

 Hand baggage = 0 3% 

 Hand baggage = 1 72% 

 Hand baggage = 2 20% 

Trip_day Weekday = Monday-Thursday 53% 

 Weekday = Friday 21% 

 Weekend 26% 

Trip_plan Plan activities before trip = yes 36% 

 Plan activities before trip = no 64% 

 457 

4.2. Modelling passenger purchasing behaviour 458 

Passenger purchases were modelled in categories according to their purchasing levels. For the 459 

departure passengers, four alternatives were considered: i) no purchases, ii) purchases lower than 8€, 460 

iii) purchases that ranges between 8 and 30€, and finally iv) purchases of more than 30€. The value of 461 

8€ was chosen since many reports mentioned the average retail money spending from departing 462 

passengers to be around this value (Pentol, 2019, Ikusi Airports, 2018, Torres et al., 2005). The value 463 

of 30€ represents an average purchase of the sample. For the arriving passengers, two alternatives 464 

were considered: no purchases or purchases. This separation was chosen since there were a lot of 465 

answers with 0€ spent at the airport. Finally, for transfer passengers, three alternatives were defined: 466 

i) spending nothing, ii) spending between 0 and 32€ or iii) spending more than 32€. The value of 32€ 467 

represents the average purchase of transfer passengers. Table 2 summarizes the proposed purchasing 468 

levels for the different passenger categories, and the associated average revenue per passenger. 469 

Next subsections 4.2.1 to 4.2.3 present the estimated discrete choice models for each 470 

purchasing level defined in Table 2, with the associated equations, their explaining variables and 471 

associated estimated parameters, and some goodness-of-fit statistics, for the three passenger 472 

categories: departing, arriving and transfer passengers. All the models´ quality was addressed by the 473 

differences observed in the log-likelihood values every time a new variable was considered and the 474 
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changes in the adjusted ρ2 values. For the estimation of the models was used part of the sample (80%) 475 

while the rest was employed to validate the results. 476 

Table 2. Passenger categories according to purchasing behaviour and airport use 477 

 Revenue  
Range (€) 

Average revenue per 
passenger (€) 

Departing passengers 

p1 (33.1%) 0  0 € 

p2 (16.8%) (0, 8] 4 € 

p3 (32.3%) (8, 30] 19 € 

p4 (17.8%) > 30 52 € 

Arriving passengers 
p5 (87.8%) 0 0 € 

p6 (12.2%) > 0 28 € 

 p7 (40.5%) 0 0 € 

Transfer passengers p8 (42.0%) (0, 32] 16  

 p9 (17.5%) > 32 48 € 

4.2.1. Departing passengers 478 

It was proved that socioeconomic and air-trip related variables had an impact on passenger 479 
choices. The variables that are expected to affect the utility of each alternative appear in its 480 
formulation and their explanation has a comparative character to the other alternatives. 481 

Regarding the impact of the age of the passenger, our results demonstrate that very young 482 
travellers (18-22 years old) are more likely to make no and few purchases compared to medium and 483 
high as the positive values of the parameters reveal (𝛽

𝑎𝑔𝑒18_22_𝑛𝑜𝑛𝑒
, 𝛽

𝑎𝑔𝑒18_22_𝑓𝑒𝑤
, 𝛽

𝑎𝑔𝑒18_22_𝑚𝑒𝑑𝑖𝑢𝑚
). This 484 

result is partially aligned with past literature; Liu, Usher, and Strawderman (2014) concluded that 485 
young passengers make purchases while our results also show there is high probability of not having 486 
purchases as well. Older passengers are more likely to make high purchases as the sign of the relevant 487 
parameters shows (𝛽𝑎𝑔𝑒30_50_𝑛𝑜𝑛𝑒 , 𝛽𝑎𝑔𝑒30_50_𝑓𝑒𝑤 , 𝛽𝑎𝑔𝑒30_50_𝑚𝑒𝑑𝑖𝑢𝑚). In past research it was also found that 488 

as age increases, passengers tend to spend less often but when they do their purchases are higher 489 
(Lehto, Cai, O’Leary, & Huan, 2004). 490 

For the income of the passengers, we saw that there is a higher probability of having medium, 491 
few or no purchases compared to high (𝛽𝑖𝑛𝑐𝑜𝑚𝑒𝐶𝑜𝑚𝑓𝑜𝑟𝑡 ). Actually, high purchases were not favoured 492 
by high income as the positive signs of income variables demonstrate for the utilities of none, few and 493 
medium. 494 

Passengers who arrive at the airport by car or personalized paid transport (ride-hailing or taxi) 495 
are more likely to make no purchase compared to the other alternatives. For the group size, we found 496 
similar results to past studies (Freathy & O’Connell, 2012; Manzano, 2010). The impact of travelling 497 
alone is positive and higher for the utility of not making purchases (𝛽𝑎𝑙𝑜𝑛𝑒_𝑛𝑜𝑛𝑒 ), followed by the utility 498 
of having few purchases (𝛽𝑎𝑙𝑜𝑛𝑒𝑓𝑒𝑤) as shown in past studies as well, influences purchases. Travelling 499 

with children also affected the behaviour of passengers; passengers travelling with children are very 500 
likely to make high purchases as the negative signs of the related parameters reveal 501 
(𝛽𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛_𝑛𝑜𝑛𝑒,𝛽𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛_𝑓𝑒𝑤,𝛽𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛_𝑚𝑒𝑑𝑖𝑢𝑚) .  502 

The results confirm our assumption that passengers who pre-plan their activities are more 503 
likely to make purchases of any level at the terminal before departure compared to those who do not 504 
(𝛽𝑝𝑙𝑎𝑛𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠_𝑛𝑜𝑛𝑒). We did not obtain information about the level of purchases as the results 505 
demonstrated that the was no improvement in the model when we considered alternative-specific 506 
parameters for the alternatives of few and medium purchases. This result is interesting as new 507 
technologies and mobile applications allow today passengers to have more control of their choices 508 
and determine early their airport experiences. Managers interested in increasing their non-509 
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aeronautical revenues could encourage the planning of passenger activities with the provision of 510 
pertinent information and, probably, mobile applications to the passengers. 511 

Regarding the travelling behaviour of passengers, it was found that for a passenger who 512 
travels frequently by plane there is a higher probability of making medium or high purchases 513 
compared to few or none. It was also assumed and confirmed that it is more unlikely that passengers 514 
who travel for short stays make medium purchases compared to high (𝛽𝑑𝑎𝑦𝑠𝐴𝑤𝑎𝑦) and that people 515 
travelling for holidays would make purchases at non-aeronautical activities while no conclusion was 516 
made for other trip purposes. 517 

The time of the day demonstrated some interesting results. Afternoon flights were more likely 518 
to induce purchases (𝛽𝑎𝑓𝑡𝑒𝑟𝑛𝑜𝑜𝑛) while for morning flights it was shown that it is more likely that 519 

passengers make few of medium purchases compared to high (𝛽𝑚𝑜𝑟𝑛𝑖𝑛𝑔_𝑓𝑒𝑤,𝛽𝑚𝑜𝑟𝑛𝑖𝑛𝑔_𝑚𝑒𝑑𝑖𝑢𝑚). Possible 520 
delays at the flight departure enhance medium and few purchases compared to high.  521 

Contrary to what was expected, the type of airline and the number of baggage was not found 522 
to affect the level of purchases. This is different to knowledge established up to date and the reasons 523 
may be that airlines tend to adopt a low-cost behaviour for trips within Europe (ie. short duration 524 
flights) with the provision of minimum commodities on flights and the charging of any used service on 525 
board. The type of the airline we also expected to affect the level of purchases but aligned with past 526 
research (Choi and Park, 2022), we did not confirm such an assumption indicating that believes that 527 
state that full air carriers contribute more to the non-aeronautical revenues that low-cost carriers are 528 
outdated.  529 

Nested structured were also tested but did not prove to be better than the multinomial. 530 
 531 
 532 

𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔 =  𝐴𝑆𝐶𝑛𝑜𝑡ℎ𝑖𝑛𝑔 +  𝛽𝑎𝑓𝑡𝑒𝑟𝑛𝑜𝑜𝑛  ×  𝐷𝑒𝑝𝑎𝑟𝑡𝑇𝑖𝑚𝑒 +  𝛽𝑝𝑙𝑎𝑛𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠  ×  𝑃𝑟𝑒𝑝𝑙𝑎𝑛𝑛𝑒𝑑𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠533 

+  𝛽𝑐𝑎𝑟  ×  𝐶𝑎𝑟𝐴𝑟𝑟𝑖𝑣𝑎𝑙 +  𝛽𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙𝑖𝑠𝑒𝑑_𝑎𝑟𝑟𝑖𝑣𝑎𝑙 × 𝑃𝑒𝑟𝑠𝑜𝑛𝑎𝑙𝑖𝑠𝑒𝑑𝐴𝑟𝑟𝑖𝑣𝑎𝑙 534 

+  𝛽𝑎𝑙𝑜𝑛𝑒_𝑛𝑜𝑛𝑒 ×  𝑇𝑟𝑎𝑣𝑒𝑙𝐴𝑙𝑜𝑛𝑒 +  𝛽𝑎𝑔𝑒18_22 × 𝐴𝑔𝑒18_22  +  𝛽𝑎𝑔𝑒30_50_𝑛𝑜𝑛𝑒 × 𝐴𝑔𝑒30_50535 

+  𝛽𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛_𝑛𝑜𝑛𝑒  ×  𝐹𝑙𝑦𝑤𝑖𝑡ℎ𝑘𝑖𝑑𝑠
 +  𝛽𝑑𝑒𝑙𝑎𝑦_𝑛𝑜𝑛𝑒 × 𝐷𝑒𝑙𝑎𝑦 +  𝛽ℎ𝑜𝑙𝑖𝑑𝑎𝑦𝑠 × 𝐻𝑜𝑙𝑖𝑑𝑎𝑦𝑠 536 

+  𝛽𝑖𝑛𝑐𝑜𝑚𝑒𝐶𝑜𝑚𝑓𝑜𝑟𝑡_𝑛𝑜𝑛𝑒 × 𝐼𝑛𝑐𝑜𝑚𝑒 + 𝛽ℎ𝑖𝑔ℎ𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  ×  𝐹𝑙𝑦𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑡𝑙𝑦 537 

 538 

𝑉𝑓𝑒𝑤𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠 =  𝐴𝑆𝐶𝑓𝑒𝑤 + 𝛽ℎ𝑖𝑔ℎ𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  ×  𝐹𝑙𝑦𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑡𝑙𝑦 + 𝛽𝑎𝑙𝑜𝑛𝑒_𝑓𝑒𝑤 × 𝐴𝑙𝑜𝑛𝑒539 

+  𝛽𝑎𝑔𝑒18_22_𝐹𝑒𝑤 × 𝐴𝑔𝑒18_22 +  𝛽𝑎𝑔𝑒30_50_𝑓𝑒𝑤 × 𝐴𝑔𝑒30_50 +  𝛽𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛_𝑓𝑒𝑤 × 𝐹𝑙𝑦𝑤𝑖𝑡ℎ𝑘𝑖𝑑𝑠
540 

+  𝛽𝑑𝑒𝑙𝑎𝑦_𝑓𝑒𝑤 × 𝐷𝑒𝑙𝑎𝑦 + 𝛽𝑖𝑛𝑐𝑜𝑚𝑒𝐶𝑜𝑚𝑓𝑜𝑟𝑡_𝑓𝑒𝑤 × 𝐼𝑛𝑐𝑜𝑚𝑒 + 𝛽𝑚𝑜𝑟𝑛𝑖𝑛𝑔_𝑓𝑒𝑤  ×  𝐷𝑒𝑝𝑎𝑟𝑡𝑇𝑖𝑚𝑒  541 

 542 

𝑉𝑚𝑒𝑑𝑖𝑢𝑚𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠 =  𝐴𝑆𝐶𝑚𝑒𝑑𝑖𝑢𝑚 + 𝛽𝑎𝑔𝑒18_22_𝑀𝑒𝑑𝑖𝑢𝑚 × 𝐴𝑔𝑒18_22  + 𝛽𝑎𝑔𝑒30_50_𝑀𝑒𝑑𝑖𝑢𝑚 × 𝐴𝑔𝑒30_50  543 

+  𝛽𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛_𝑚𝑒𝑑𝑖𝑢𝑚 × 𝐹𝑙𝑦𝑤𝑖𝑡ℎ𝑘𝑖𝑑𝑠
+ 𝛽𝑑𝑒𝑙𝑎𝑦_𝑚𝑒𝑑𝑖𝑢𝑚 × 𝐷𝑒𝑙𝑎𝑦 544 

+  𝛽𝑚𝑜𝑟𝑛𝑖𝑛𝑔_𝑚𝑒𝑑𝑖𝑢𝑚  ×  𝐷𝑒𝑝𝑎𝑟𝑡𝑇𝑖𝑚𝑒 +  𝛽𝑑𝑎𝑦𝑠𝐴𝑤𝑎𝑦_𝑚𝑒𝑑𝑖𝑢𝑚 × 𝑆ℎ𝑜𝑟𝑡𝑆𝑡𝑎𝑦545 

+  + 𝛽𝑖𝑛𝑐𝑜𝑚𝑒𝐶𝑜𝑚𝑓𝑜𝑟𝑡_𝑚𝑒𝑑𝑖𝑢𝑚 × 𝐼𝑛𝑐𝑜𝑚𝑒 546 

 547 

VhighPurchases = ASChigh 548 

 
Table 3. Parameter estimation of departing passengers´ purchasing behaviour. 549 

Parameter name Associated variable description Parameter 
value 

𝐴𝑆𝐶𝑛𝑜𝑡ℎ𝑖𝑛𝑔  2.060* 

𝐴𝑆𝐶𝑓𝑒𝑤   -1.410* 

𝐴𝑆𝐶𝑚𝑒𝑑𝑖𝑢𝑚  -0.189 

𝛽𝑎𝑓𝑡𝑒𝑟𝑛𝑜𝑜𝑛  1 if the departure is during afternoon in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔 -1.100* 

𝛽𝑚𝑜𝑟𝑛𝑖𝑛𝑔_𝑓𝑒𝑤  1 if the departure is during morning in 𝑉𝑓𝑒𝑤𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠  1.480* 
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𝛽𝑚𝑜𝑟𝑛𝑖𝑛𝑔_𝑚𝑒𝑑𝑖𝑢𝑚  1 if the departure is during morning in 𝑉𝑚𝑒𝑑𝑖𝑢𝑚𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠  0.668** 

𝛽𝑝𝑙𝑎𝑛𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠  1 if passenger has planned the activities to conduct before 

arriving at the airport in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔  

-1.080* 

𝛽𝑐𝑎𝑟  1 if passenger arrives by own car in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔  -0.669*** 

𝛽𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙𝑖𝑠𝑒𝑑_𝑎𝑟𝑟𝑖𝑣𝑎𝑙  1 if passenger arrives by private personalised modes (taxi, 

tide-hailing) in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔  

-0.538*** 

𝛽𝑎𝑙𝑜𝑛𝑒_𝑛𝑜𝑛𝑒  1 if passenger travels alone in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔 0.848** 

𝛽𝑎𝑙𝑜𝑛𝑒_𝑓𝑒𝑤  1 if passenger travels alone in𝑉𝑓𝑒𝑤𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠  0.672*** 

𝛽𝑎𝑔𝑒30_50 1 if passenger is between 30 to 50 years old in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔  -1.200* 

𝛽𝑎𝑔𝑒18_22_𝑛𝑜𝑛𝑒  1 if passenger is between 18 to 22 years old in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔  1.24** 

𝛽𝑎𝑔𝑒18_22_𝐹𝑒𝑤  1 if passenger is between 18 to 22 years old in 𝑉𝑓𝑒𝑤𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠  1.43** 

𝛽𝑎𝑔𝑒18_22_𝑀𝑒𝑑𝑖𝑢𝑚  1 if passenger is between 18 to 22 years old in 

𝑉𝑚𝑒𝑑𝑖𝑢𝑚𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠  

1.06*** 

𝛽𝑎𝑔𝑒30_50_𝑛𝑜𝑛𝑒  1 if passenger is between 30 to 50 years old in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔 -1.030* 

𝛽𝑎𝑔𝑒30_50_𝑓𝑒𝑤  1 if passenger is between 30 to 50 years old in 𝑉𝑓𝑒𝑤𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠 -0.352 

𝛽𝑎𝑔𝑒30_50_𝑀𝑒𝑑𝑖𝑢𝑚  1 if passenger is between 30 to 50 years old in 

𝑉𝑚𝑒𝑑𝑖𝑢𝑚𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠  

-0.813** 

𝛽𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛_𝑛𝑜𝑛𝑒  1 if passenger is travelling with children in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔  -1.650* 

𝛽𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛_𝑓𝑒𝑤  1 if passenger is travelling with children in 𝑉𝑓𝑒𝑤𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠 -2.170* 

𝛽𝑐ℎ𝑖𝑙𝑑𝑟𝑒𝑛_𝑚𝑒𝑑𝑖𝑢𝑚  1 if passenger is travelling with children in 𝑉𝑚𝑒𝑑𝑖𝑢𝑚𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠  -1.940* 

𝛽𝑑𝑒𝑙𝑎𝑦_𝑛𝑜𝑛𝑒  1 if there was a delay in the departure in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔  0.131 

𝛽𝑑𝑒𝑙𝑎𝑦_𝑓𝑒𝑤  1 if there was a delay in the departure in 𝑉𝑓𝑒𝑤𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠 1.070* 

𝛽𝑑𝑒𝑙𝑎𝑦_𝑚𝑒𝑑𝑖𝑢𝑚  1 if there was a delay in the departure in 𝑉𝑚𝑒𝑑𝑖𝑢𝑚𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠  0.739** 

𝛽ℎ𝑜𝑙𝑖𝑑𝑎𝑦𝑠  1 if passenger is travelling for holidays in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔  -0.578*** 

𝛽ℎ𝑖𝑔ℎ𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  1 if passenger travels by aircraft between 4 to 12 times per 

year holidays in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔  and 𝑉𝑓𝑒𝑤𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠  

-0.561** 

𝛽𝑖𝑛𝑐𝑜𝑚𝑒𝐶𝑜𝑚𝑓𝑜𝑟𝑡_𝑛𝑜𝑛𝑒  1 if passenger has no economic difficulties in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔  0.646*** 

𝛽𝑖𝑛𝑐𝑜𝑚𝑒𝐶𝑜𝑚𝑓𝑜𝑟𝑡_𝑓𝑒𝑤  1 if passenger has no economic difficulties in 𝑉𝑓𝑒𝑤𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠 0.745*** 

𝛽𝑖𝑛𝑐𝑜𝑚𝑒𝐶𝑜𝑚𝑓𝑜𝑟𝑡_𝑚𝑒𝑑𝑖𝑢𝑚  1 if passenger has no economic difficulties in 

𝑉𝑚𝑒𝑑𝑖𝑢𝑚𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠  

1.38* 

𝛽𝑑𝑎𝑦𝑠𝐴𝑤𝑎𝑦_𝑚𝑒𝑑𝑖𝑢𝑚  1 if passenger is travelling for 4 days or less -0.860** 

Number of observations 358 

Estimated parameters 29 

Null log-Likelihood (L(0)) -496.293 

Log-Likelihood (L(β)) -411.948 

ρ2 0.170 

Adjusted ρ2 0.112 

Notes: * Significant at 1%; ** Significant at 5%; *** Significant at 10% 

 550 
During the validation process, it was concluded that for 38% of the observations were 551 

correctly forecasted with a probability between 50% and 75% and 12% of the observations with a 552 
probability higher than 75%, using the reserved 20% data sampled for validation. 553 

4.2.2. Arriving passengers 554 

The results of passenger purchasing choices for arrivals is presented in Table 4. Passengers of 555 

the age group 30-50, passengers who are travelling on the cost of a company, have access to an 556 
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airline´s lounge and who arrive from non-Schengen origin airports are more likely to make purchases 557 

at the airport after arrival. On the contrary passengers who travel alone are more likely to make no 558 

purchase at the airport. 559 

 560 

𝑉𝑁𝑜𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒 =  𝐴𝑆𝐶𝑛𝑜𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒 + 𝛽𝑛𝑜𝑛𝑆𝑐ℎ𝑒𝑛𝑔𝑒𝑛  × 𝑛𝑜𝑛𝑆𝑐ℎ𝑒𝑛𝑔𝑒𝑛 + 𝛽𝑎𝑙𝑜𝑛𝑒 × 𝐴𝑙𝑜𝑛𝑒 +  𝛽𝑔𝑟𝑜𝑢𝑝3 × 𝐺𝑟𝑜𝑢𝑝3561 

+ 𝛽𝑐𝑜𝑠𝑡𝑠𝐶𝑜𝑚𝑝𝑎𝑛𝑦 × 𝐶𝑜𝑠𝑡𝐶𝑜𝑚𝑝𝑎𝑛𝑦 + 𝛽𝑎𝑔𝑒30_50 × 𝐴𝑔𝑒30_50 +  𝛽𝑙𝑜𝑢𝑛𝑔𝑒 × 𝐴𝑖𝑟𝑙𝑖𝑛𝑒𝐿𝑜𝑢𝑛𝑔𝑒 562 

 563 
Table 4. Parameter estimation of arriving passengers´ purchasing behaviour 564 

Parameter name Associated variable description Parameter value 

   

𝐴𝑆𝐶𝑛𝑜𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒  3.150 

𝛽𝑎𝑙𝑜𝑛𝑒  1 if passenger travels alone 0.613*** 

𝛽𝑐𝑜𝑠𝑡𝑠𝐶𝑜𝑚𝑝𝑎𝑛𝑦  1 if the cost of the trip is covered by a company -0.715*** 

𝛽𝑙𝑜𝑢𝑛𝑔𝑒  1 if the passenger has access to an airline´s lounge -3.500* 

𝛽𝑎𝑔𝑒30_50 1 if passenger is between 30 to 50 years old in 𝑉𝑁𝑜𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒  -0.973* 

𝛽𝐺𝑟𝑜𝑢𝑝  1 if passenger is travelling with more than 3 people -0.723** 

𝛽𝑛𝑜𝑛𝑆𝑐ℎ𝑒𝑛𝑔𝑒𝑛 1 if the passenger arrives from a non-Schengen origin -1.140* 

 

Number of observations 487 

Estimated parameters 7 

Null log-Likelihood (L(0)) -337.563 

Log-Likelihood (L(β)) -155.974 

ρ2 0.538 

Adjusted ρ2 0.511 

Notes: * Significant at 1%; ** Significant at 5%; *** Significant at 10% 

 565 
In this case, 88% of our observations were correctly predicted by the model (with a probability 566 

higher than 50%), which ensures the validation of the model for arriving passengers.  567 
 568 

4.2.3. Transfer passengers 569 

The results of passenger purchasing choices for transfers is presented in Table 5. Travelling in the 570 

morning impedes passengers from purchases before the flight while the stress felt to catch the 571 

flight, the access to airline lounges, the check of documents for flights outside the Schengen zone 572 

are aspects that do not favour higher levels of purchases. 573 

𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔 =  𝐴𝑆𝐶𝑛𝑜𝑡ℎ𝑖𝑛𝑔 + 𝛽𝑝𝑙𝑎𝑛𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠_𝑛𝑜𝑛𝑒 × 𝑃𝑟𝑒𝑝𝑙𝑎𝑛𝑛𝑒𝑑𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠 + 𝛽𝑎𝑔𝑒18_22_𝑛𝑜𝑛𝑒 × 𝐴𝑔𝑒18_22574 

+ 𝛽𝑎𝑔𝑒30_50_𝑛𝑜𝑛𝑒 × 𝐴𝑔𝑒30_50 +  𝛽𝑎𝑓𝑡𝑒𝑟𝑛𝑜𝑜𝑛_𝑛𝑜𝑛𝑒 × 𝐷𝑒𝑝𝑎𝑟𝑡𝑇𝑖𝑚𝑒575 

+ 𝛽𝑙𝑜𝑢𝑛𝑔𝑒_𝑛𝑜𝑛𝑒 × 𝐴𝑖𝑟𝑙𝑖𝑛𝑒𝐿𝑜𝑢𝑛𝑔𝑒 + 𝛽𝑛𝑜𝑛𝑆𝑐ℎ𝑒𝑛𝑔𝑒𝑛_𝑛𝑜𝑛𝑒 × 𝑛𝑜𝑛𝑆𝑐ℎ𝑒𝑛𝑔𝑒𝑛𝑑𝑒𝑠𝑡𝑖𝑛𝑎𝑡𝑖𝑜𝑛  576 

+  𝛽𝑠𝑡𝑟𝑒𝑠𝑠_𝑛𝑜𝑛𝑒  ×  𝑆𝑡𝑟𝑒𝑠𝑠 577 

𝑉𝑓𝑒𝑤𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠 =  𝐴𝑆𝐶𝑓𝑒𝑤 + 𝛽𝑝𝑙𝑎𝑛𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠_𝑓𝑒𝑤 × 𝑃𝑟𝑒𝑝𝑙𝑎𝑛𝑛𝑒𝑑𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠  + 𝛽𝑎𝑔𝑒18_22_𝑓𝑒𝑤 × 𝐴𝑔𝑒18_22  578 

+ 𝛽𝑎𝑔𝑒30_50_𝑓𝑒𝑤 × 𝐴𝑔𝑒30_50 +  𝛽𝑎𝑓𝑡𝑒𝑟𝑛𝑜𝑜𝑛_𝑓𝑒𝑤 × 𝐷𝑒𝑝𝑎𝑟𝑡𝑇𝑖𝑚𝑒579 

+  𝛽𝑙𝑜𝑢𝑛𝑔𝑒_𝑓𝑒𝑤 × 𝐴𝑖𝑟𝑙𝑖𝑛𝑒𝐿𝑜𝑢𝑛𝑔𝑒 +   𝛽𝑛𝑜𝑛𝑆𝑐ℎ𝑒𝑛𝑔𝑒𝑛_𝑓𝑒𝑤 × 𝑛𝑜𝑛𝑆𝑐ℎ𝑒𝑛𝑔𝑒𝑛𝑑𝑒𝑠𝑡𝑖𝑛𝑎𝑡𝑖𝑜𝑛580 

+  𝛽𝑠𝑡𝑟𝑒𝑠𝑠_𝑓𝑒𝑤  ×  𝑆𝑡𝑟𝑒𝑠𝑠 581 

VhighPurchases = ASChigh 582 
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Table 5. Parameter estimation of transferring passengers´ purchasing behaviour 583 

Parameter name Associated variable description Parameter value 

   

𝐴𝑆𝐶𝑛𝑜𝑡ℎ𝑖𝑛𝑔  2.510* 

𝐴𝑆𝐶𝑚𝑒𝑑𝑖𝑢𝑚   2.140* 

𝛽𝑎𝑔𝑒18_22_𝑛𝑜𝑛𝑒  1 if passenger is between 18 to 22 years old in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔  1.920*** 

𝛽𝑎𝑔𝑒18_22_𝑓𝑒𝑤  1 if passenger is between 18 to 22 years old in 𝑉𝑓𝑒𝑤𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠  2.200** 

𝛽𝑎𝑔𝑒30_50_𝑛𝑜𝑛𝑒  1 if passenger is between 30 to 50 years old in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔  -1.050* 

𝛽𝑎𝑔𝑒30_50_𝑓𝑒𝑤  1 if passenger is between 30 to 50 years old in 𝑉𝑓𝑒𝑤𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠  -0.007 

𝛽𝑎𝑓𝑡𝑒𝑟𝑛𝑜𝑜𝑛_𝑛𝑜𝑛𝑒  1 if the departure is during the afternoon in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔  -0.582 

𝛽𝑎𝑓𝑡𝑒𝑟𝑛𝑜𝑜𝑛_𝑓𝑒𝑤  1 if the departure is during the afternoon in 𝑉𝑓𝑒𝑤𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠  0.880** 

𝛽𝑠𝑡𝑟𝑒𝑠𝑠_𝑛𝑜𝑛𝑒  1 if passenger stated stress level higher than 3 regarding travelling by aircraft n 

𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔  

-1.510*** 

𝛽𝑠𝑡𝑟𝑒𝑠𝑠_𝑓𝑒𝑤  1 if passenger stated stress level higher than 3 regarding travelling by aircraft in 

𝑉𝑓𝑒𝑤𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠  

-0.661* 

𝛽𝑙𝑜𝑢𝑛𝑔𝑒_𝑛𝑜𝑛𝑒  1 if the passenger has access to an airline´s lounge -0.931*** 

𝛽𝑙𝑜𝑢𝑛𝑔𝑒_𝑓𝑒𝑤  1 if the passenger has access to an airline´s lounge --1.600* 

𝛽𝑛𝑜𝑛𝑆𝑐ℎ𝑒𝑛𝑔𝑒𝑛_𝑛𝑜𝑛𝑒  1 if the passenger arrives from a non-Schengen origin in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔  -0.754** 

𝛽𝑛𝑜𝑛𝑆𝑐ℎ𝑒𝑛𝑔𝑒𝑛_𝑓𝑒𝑤  1 if the passenger arrives from a non-Schengen origin in 𝑉𝑓𝑒𝑤𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠 -0.846*** 

𝛽𝑝𝑙𝑎𝑛𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠_𝑛𝑜𝑛𝑒  1 if passenger has planned the activities to conduct before arriving at the airport 

in 𝑉𝑛𝑜𝑡ℎ𝑖𝑛𝑔  

-1.750* 

𝛽𝑝𝑙𝑎𝑛𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠_𝑓𝑒𝑤  1 if passenger has planned the activities to conduct before arriving at the airport 

in 𝑉𝑓𝑒𝑤𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑠  

-0.943*** 

 

Number of observations 279 

Estimated parameters 16 

Null log-Likelihood (L(0)) -306.513 

Log-Likelihood (L(β)) -248.050 

ρ2 0.191 

Adjusted ρ2 0.139 

Notes: * Significant at 1%; ** Significant at 5%; *** Significant at 12% level 

 584 
With this specification, 37% of the observations were correctly predicted by the model (with 585 

a probability higher than 50%). 586 
 587 

5. Application of gate assignment model to Lisbon Airport case study 588 

considering passenger purchasing choices 589 

 590 
Terminal 1 of Lisbon airport is the scope of the current study (Figure 2). The time interval 3pm-591 

6pm of the 27th of August of 2019 was used for the application of the gate assignment optimization 592 

model. During this time interval, 22 flights were served by the airport. In total, Terminal 1 has 47 active 593 

gates, 33 of which were in use for flights in the considered time interval. Out of the 33 gates, 17 are 594 

connected to the terminal building with jet-bridges and the rest park in remote locations. Considering 595 

the restrictions imposed by the connecting countries, 22 of the served flights were links to Schengen 596 

points and 11 to non-Schengen, hence passport control facilities were required and consequently the 597 
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allocated gates should consider this requirement (Table 6). Information on the gates was extracted 598 

from the application of the Lisbon airport which provides information only for the same day the 599 

attributed gates of the flights. Regarding the walking distances that passengers need to cover in the 600 

building including the distance from retail area to a certain gate (𝑤𝑖
𝑑) and from gate to baggage claim 601 

area (𝑤𝑖
𝑎), they were estimated using the aerial footage of the airport.  602 

 603 

Figure 2. Overview of Lisbon Portela Airport (adapted from Airport Guide) 604 

Table 6. Optimization framework 605 

Constant Description Value 

NG Number of Gates 33 

NF Number of Flights 22 

NPC Number of Passenger Categories 9 

NTG Number of Types of Gates 2 

 606 

The non-Schengen gates that required a bus link (i.e. gates 10, 11, 13, 20, 22, 24, 25, 31 and 607 

33), that were used and considered in the analysis, were considered to have the same 𝑤𝑖
𝑎 of gate 28, 608 

since it was considered that when arriving at the airport, the bus link always drops passengers near 609 

that gate. All gates can serve any aircraft, so 𝑔𝑖 was considered to be 1 for all gates. A minimum time 610 

of free-gate was assumed to be 5 minutes (𝜏𝑖). The unloading time (𝛿𝑖) is the time the aircraft needs 611 

to arrive at the gate and allow passengers enter at the airport (or vice-versa, i.e. the time the aircraft 612 

needs to leave the gate after all passengers are on board); this depends if the gate has a jet-bridge or 613 

needs a bus connection. If there is a jet bridge the unloading time was assumed to be 5 minutes and 614 

in case of a bus connection, the unloading time was assumed to be 20 minutes. Besides, the time 615 

needed from runway to gate and from gate to runway, the distances were measured in Google Maps 616 

considering an average speed of 37 km/h. Finally, the minimum time intervals to allow a passenger 617 

transfer to occur between two gates were considered (𝜏𝑖,𝑖2

𝑡 ). 618 

Regarding the flights, the 22nd and the 14th were identified as Schengen (𝑓𝑗
𝑆 = 1) and 8 as non-619 

Schengen (𝑓𝑗
𝑆 = 2) due to their origin/destination. Moreover, 8 different airline companies and 21 620 

origin/destination airports were included in the case study. Information regarding the actual arrival 621 

and departure times is also provided in tables 8, 10, 12 and 14. Flights 11, 12, 13, 14 and 15 do not 622 
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have any flight origin within the time interval analyzed, as they were at the airport since the previous 623 

day, hence to include such situations in the model, 60 minutes to their departure time were 624 

subtracted. In addition, flights 8, 9 and 17 do not have any flight destination since they were expected 625 

to stay in the airport until the next day. 626 

In table 2, information regarding each expected revenue for the 9 different categories of 627 

passengers is provided. Initially, gates 8 and 24 were defined as the closest to the retail area, meaning 628 

that the obtained revenues are the highest possible in both gates in case of departing passengers. 629 

Then, the distance between all gates and these two central gates were measured. The assumption 630 

that revenues decrease linearly with distance to the retail area in comparison with the farthest gate 631 

(gate 15) was made considering a maximum of 50% revenue decrease for the furthest gate. Hence, 632 

gates 8 and 24 have an expected revenue of 0€, 4€, 19€ and 52€, while gate 15 has an expected 633 

revenue of 0€, 2€, 9.5€ and 26€ for the 1st (𝑝1), 2nd (𝑝2), 3rd (𝑝3) and 4th (𝑝4) passenger category, 634 

respectively. In the case of arriving passengers, the same assumption was made and gate 15 (0€ and 635 

14€ for the 5th (𝑝5) and 6th (𝑝6) categories, respectively) was identified as being the farthest from retail 636 

area, meaning a revenue decrease of 50 % in comparison to gates 8 and 24 (0€ and 28€ for the 5th (𝑝5) 637 

and 6th (𝑝6) categories, respectively). In terms of transferring passengers, their revenues were 638 

simulated by taking into account only the gate of arrival, meaning that, similar to the arrival 639 

passengers, gate 15 (0€, 8€ and 24€ for the 7th (𝑝7), 8th (𝑝8) and 9th (𝑝9) categories, respectively) is 640 

considered to be the  farthest from retail area and, consequently, has a decrease of 50% in revenues 641 

in comparison to gates 8 and 24 (0€, 16€ and 48€ for the 7th (𝑝7), 8th (𝑝8) and 9th (𝑝9) categories, 642 

respectively). 643 

Flights 8, 9 and 17 do not have any departing passengers since these aircrafts arrived at Lisbon 644 

airport within the time interval 3pm - 6pm, but only executed another flight on the next day. Similarly, 645 

flights 11, 12, 13, 14 and 15 do not have any arriving passengers because their aircrafts were already 646 

at the airport since the previous day. As mentioned before, the total capacity of each flight was 647 

assumed to be 90 % of the maximum capacity of each aircraft, and the total number of transferring 648 

passengers from each flight is 10 % of the mentioned capacity. Then, the arrival and departure time 649 

of each flight was compared and as mentioned in Neufville et al. (2013), a transfer can only occur if 650 

there is a 60 min gap between flights. To increase this margin, since some gates need a bus connection, 651 

the minimum value between arrival and departure time was set to 120 min. Finally, regarding the 652 

possible passenger transfers, the total number of transfer passengers was randomly generated.  653 

In terms of costs per distance travelled, since it was not found any value in literature similar 654 

to the cost of distance per passenger need for this dissertation, some assumptions were made. 655 

Initially, the cost of delay was found to be 72€ /minute / aircraft according to Neufville et al. (2013). 656 

Assuming a 100-seat capacity aircraft, each passenger has a cost of delay of 0.72€/minute. This value 657 

was assumed to be equal to the cost per minute travelled by passengers inside the airport. Then, a 658 

velocity of 60 meters/minute was used, in accordance with Young (1999). Finally, using the following 659 

expression, a cost of 0.012 € per meter travelled by each passenger was achieved: 660 

  661 

0.72
€

𝑚𝑖𝑛𝑢𝑡𝑒
 ×  

1

60

𝑚𝑖𝑛𝑢𝑡𝑒

𝑚𝑒𝑡𝑒𝑟
=  0.012

€

𝑚𝑒𝑡𝑒𝑟
 662 

 663 

This value of 0.012 €/m is assumed to be equal to any type of passenger of any category. 664 

Next, the computational results for Lisbon airport case study are provided, as well as some 665 

statistic results regarding each time section studied (5pm to 5.30pm, 5.30pm to 6pm, 5pm to 6pm and 666 
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5pm to 6pm in case of an extreme event) such as: the problem size, computational time and the 667 

optimal solution for each case. 668 

5.1. Gate allocation from 5pm to 5.30pm 669 

Initially the problem had 353,754 variables but the pre-solved results show that the model is 670 

able to reduce the number of variables of the problem to 1.252, almost 283 times less. Thus, the model 671 

is able to solve the problem much faster than with the initial problem size. The solver found the 672 

optimal solution in 7.5 seconds, corresponding to a revenue of 23,371€. Table 7 presents the cost 673 

components of the optimal solution. As expected, the main source of revenues comes from revenues 674 

from departing passengers. Transferring passengers have the smallest impact in both revenues and 675 

cost of walking distance since they represent only 10% of each aircraft and lastly, arriving passengers 676 

have a bigger impact in the optimal solution. 677 

 678 
Table 7. Demonstration of the optimal solution and its components from 5pm-5.30pm 679 

Objective function component Value (€) 

O1 - revenues from transferring passengers 2,747.36 

O2 - revenues from arriving passengers 5,486.60 

O3 - revenues from departing passengers 32,379.70 

O4 - cost of walking distance from transferring passengers -607.68 

O5 - cost of walking distance from arriving passengers -7,596.48 

O6 - cost of walking distance from departing passengers -9,038.58 

Total 23,371.00 

 680 

Table 8 illustrates the results of the gate assignment model for the time interval from 5pm to 681 

5.30pm. From flight 1 to flight 15, the model respects the previous attribution corresponding to flights 682 

being on the ground at the same time as this time horizon. Moreover, flights 16, 17 and 18 respect 683 

the attribution to Schengen gates as intended and are the closest to the main retail area, respecting 684 

the gates already occupied with previous flights. Flight 18 occupies gate 9 which had been previously 685 

occupied but when the first arrives it is already available. 686 

 687 
Table 8. Results for gate allocation 5pm - 5.30pm and comparison to actual planning 688 

Mathematical model Actual planning 

Flight Gate 𝑏𝑗  (min) 𝑐𝑗  (min) Flight Gate 𝑏𝑗  (min) 𝑐𝑗  (min) 

1 6 59 99 1 6 59 99 

2 8 58 151 2 8 58 151 

3 1 75 122 3 1 75 122 

4 9 85 133 4 9 85 133 

5 2 89 175 5 2 89 175 

6 15 90 157 6 15 90 157 

7 7 108 144 7 7 108 144 

8 5 117 131 8 5 117 131 

9 4 104 148 9 4 104 148 

10 3 107 163 10 3 107 163 

11 12 62 106 11 12 62 106 

12 10 95 109 12 10 95 109 

13 13 100 114 13 13 100 114 

14 11 102 116 14 11 102 116 

15 14 97 141 15 14 97 141 
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16 24 147 187 16 26 133 201 

17 26 133 178 17 6 149 163 

18 9 157 214 18 17 172 199 

 689 

5.2. Gate allocation from 5.30pm to 6pm 690 

In this case, there is an a priori allocation of 18 flights (flights 1 to 18, all arriving before 691 

5.30pm), and the mathematical model allocates the rest of the flights, 19 to 22, to achieve the best 692 

potential revenue. A computational time of 11.1 seconds was needed to achieve the optimal solution 693 

of 27,304.6 €. Using the same approach as before, the cost components of the optimal solution are 694 

presented in Table 9. The gate assignment results for this time horizon are also displayed in Table 10.  695 
Table 9. Demonstration of the optimal solution and its components from 5.30pm-6pm 696 

Objective function component Value (€) 

O1 - revenues from transferring passengers 3,572.48 

O2 - revenues from arriving passengers 6,587.00 

O3 - revenues from departing passengers 38,079.80 

O4 - cost of walking distance from transferring passengers -818.34 

O5 - cost of walking distance from arriving passengers -9,407.04 

O6 - cost of walking distance from departing passengers -10,709.30 

Total 27,304.60 

 697 
Table 10. Results for gate allocation 5.30pm-6pm and comparison to actual planning 698 

Mathematical model Actual planning 

Flight Gate 𝑏𝑗  (min) 𝑐𝑗  (min) Flight Gate 𝑏𝑗  (min) 𝑐𝑗  (min) 

1 6 59 99 1 6 59 99 

2 8 58 151 2 8 58 151 

3 1 75 122 3 1 75 122 

4 9 85 133 4 9 85 133 

5 2 89 175 5 2 89 175 

6 15 90 157 6 15 90 157 

7 7 108 144 7 7 108 144 

8 5 117 131 8 5 117 131 

9 4 104 148 9 4 104 148 

10 3 107 163 10 3 107 163 

11 12 62 106 11 12 62 106 

12 10 95 109 12 10 95 109 

13 13 100 114 13 13 100 114 

14 11 102 116 14 11 102 116 

15 14 97 141 15 14 97 141 

16 26 133 201 16 26 133 201 

17 6 149 163 17 6 149 163 

18 17 172 199 18 17 172 199 

19 10 181 195  19  31 180 196 

20 9 169 213 20 16 184 198 

21 29 170 216 21 33 185 201 

22 8 177 221 22 4 177 221 

 699 

5.3. Gate allocation from 5pm to 6pm 700 

This scenario allows to see the gate allocation when the mathematical model considers a time 701 

horizon of one hour, from 5pm to 6pm. Thus, there is the a-priori gate allocation of flights 1 to 15, and 702 
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the model assigns 7 flights (3 related to the 1st half an hour and 4 related to the 2nd half an hour to the 703 

respective gates). In this case, the optimal solution was computed in 41.6 seconds, with a revenue of 704 

29,144.20€. The composition of the best solution in Table 11. 705 
Table 11. Demonstration of the optimal solution and its components from 5pm-6pm 706 

Objective function component Value (€) 
O1 - revenues from transferring passengers 3,694.08 

O2 - revenues from arriving passengers 6,853.00 

O3 - revenues from departing passengers 38,797.10 

O4 - cost of walking distance from transferring passengers -749.34 
O5 - cost of walking distance from arriving passengers -9,397.44 
O6 - cost of walking distance from departing passengers -10,053.30 
Total 29,144.10 

 707 

Lastly, the results are displayed in Table 12 where it can be confirmed that the model respects 708 

the Schengen/non-Schengen constraint and allocates the flights to the appropriate gates considering 709 

maximisation of potential revenues.  710 
Table 12. Results for gate allocation 5pm-6pm and comparison to actual planning 711 

Mathematical model Actual planning 

Flight Gate 𝑏𝑗  (min) 𝑐𝑗  (min) Flight Gate 𝑏𝑗  (min) 𝑐𝑗  (min) 

1 6 59 99 1 6 59 99 

2 8 58 151 2 8 58 151 

3 1 75 122 3 1 75 122 

4 9 85 133 4 9 85 133 

5 2 89 175 5 2 89 175 

6 15 90 157 6 15 90 157 

7 7 108 144 7 7 108 144 

8 5 117 131 8 5 117 131 

9 4 104 148 9 4 104 148 

10 3 107 163 10 3 107 163 

11 12 62 106 11 12 62 106 

12 10 95 109 12 10 95 109 

13 13 100 114 13 13 100 114 

14 11 102 116 14 11 102 116 

15 14 97 141 15 14 97 141 

16 24 147 187 16 26 133 201 

17 26 133 179 17 6 149 163 

18 9 157 214 18 17 172 199 

19 29 165 211 19 31 180 196 

20 25 183 199 20 16 184 198 

21 10 186 200 21 33 185 201 

22 8 177 221 22 4 177 221 

5.4. Gate allocation from 5pm to 6pm during an extreme event 712 

This scenario illustrates the potential benefits of the current model from the perspective of 713 

the airport manager. In this case, flight 20 was chosen due to its Schengen origin and since it was not 714 

already allocated to the closest gate to the retail area in the time-horizon from 5pm-6pm as presented 715 

in Table 13. This extreme event consists of the scenario corresponding to an extraordinary event that 716 

gathers several people that will positively affect purchasing behaviour. More precisely, the potential 717 

passenger revenues increased in 8.0% and 12.2% on half an hour time horizon and 18.9% in a one-718 

hour time horizon, reducing at the same time, the walking distance of passengers.  Knowing this 719 
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information a priori, the airport manager can achieve a profitable gate allocation using the 720 

mathematical model so that flight 20 is closer to the retail area. For this situation, the a priori gate 721 

allocation is the same to flights 1 to 15, as shown in Table 14. 722 

Similar to the previous scenario, the model allocates flights 15 to 22 in an optimal way. The 723 

optimal solution is computed in 45.8 seconds, with a revenue of 32,823.40€ (which was expected to 724 

be higher than the ‘normal’ time horizon from 5pm-6pm since there are much more passengers willing 725 

to spend more money on flight 20). 726 

 727 
Table 13. Demonstration of the optimal solution and its components from 5pm-6pm in case of an extreme event 728 

Objective function component Value (€) 

O1 - revenues from transferring passengers 3,694.08 

O2 - revenues from arriving passengers 7,800.52 

O3 - revenues from departing passengers 41,610.10 

O4 - cost of walking distance from transferring passengers -752.34 

O5 - cost of walking distance from arriving passengers -9,452.64 

O6 - cost of walking distance from departing passengers -10,076.30 

Total 32,823.40 

 729 
Table 14. Results for gate allocation 5pm-6pm in an extreme scenario and comparison to actual planning 730 

Mathematical model Actual planning 

Flight Gate 𝑏𝑗  (min) 𝑐𝑗  (min) Flight Gate 𝑏𝑗  (min) 𝑐𝑗  (min) 

1 6 59 99 1 6 59 99 

2 8 58 151 2 8 58 151 

3 1 75 122 3 1 75 122 

4 9 85 133 4 9 85 133 

5 2 89 175 5 2 89 175 

6 15 90 157 6 15 90 157 

7 7 108 144 7 7 108 144 

8 5 117 131 8 5 117 131 

9 4 104 148 9 4 104 148 

10 3 107 163 10 3 107 163 

11 12 62 106 11 12 62 106 

12 10 95 109 12 10 95 109 

13 13 100 114 13 13 100 114 

14 11 102 116 14 11 102 116 

15 14 97 141 15 14 97 141 

16 24 147 187 16 26 133 201 

17 26 133 179 17 6 149 163 

18 25 171 200 18 17 172 199 

19 29 165 211 19 31 180 196 

20 8 169 213 20 16 184 198 

21 10 186 200 21 33 185 201 

22 9 177 221 22 4 177 221 

 731 

 732 

For the flights 16 to 22 in table 14, it is clear that comparing to table 12, there is a change in 733 

the gate allocation of some flights (eg. 18, 20 and 22) showing that the model can adapt to different 734 

scenarios in order to achieve an increase in revenues. These results allow to conclude that the MILP 735 

model proposed in this study maximises airport revenues and consequently, the suggested framework 736 

can allocate flights to gates, considering all the variables, in the most profitable way. Finally, Table 13 737 
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intends to indicate the advantage of using this approach in case an extreme event happens and how 738 

it can affect the gate allocation of all flights just by knowing a priori that one of the flights is carrying 739 

passenger more willing to spend more money at the airport. 740 

 741 

5.5. Comparison of suggested approach and actual planning 742 

Table 15 demonstrates how the suggested approach can lead to economic benefits of an 743 

airport compared to the actual planning approach of gate assignment. An increase of 8.0% and 12.2%, 744 

corresponding to 1,732.70 € and 2,967.30 €, respectively, is achieved in a time horizon of half an hour 745 

using the exact mix of passengers. In practice, the announcement to passengers of what gate they 746 

need to go to is performed between every 15 to 30 minutes, and for this model, half an hour periods 747 

of gate allocation were adequate to the case study. The final model was then capable of performing 748 

half an hour gate allocation as showed in results, in just some seconds of computational time. 749 

The objective to an airport manager would be to give the inputs to the model from prior gate 750 

allocations and the expected time of arrival of the next half an hour flights and run the model, resulting 751 

in the best lucrative gate assignment to the airport. It is also possible to analyse the applicability of 752 

the model to one-hour time periods, in this case with an increase of 18.9%, corresponding to 4641.90 753 

€ in the total revenues. 754 
Table 15. Comparison between the actual planning to the mathematical model 755 

Revenue per time slot Actual planning 
result 

Mathematical model 
result 

Variation 

Gate allocation from 5pm - 5.30pm 21,638.30 € 23,371.00 € + 1,732.70 € (increase of 8.0%) 

Gate allocation from 5.30pm - 6pm 24,337.30 € 27,304.60 € + 2,967.30 € (increase of 12.2%) 

Gate allocation from 5pm - 6pm 24,502.30 € 29,144.20 € + 4,641.90 € (increase of 18.9%) 

 756 

6. Conclusion 757 

 758 

Since airports´ yearly budgets are more and more dependent on non-aeronautical activities, 759 

research related to the link of aeronautical and non-aeronautical operational issues is becoming more 760 

important. From the side of aeronautical activities, the gate assignment problem has been a constant 761 

challenge for airports and airline companies, due to the complexity arising from the involvement of 762 

the interests of many agents and operators (airport, airlines, passengers, retailers among others). 763 

Passenger purchases in the airport terminal, on the other hand, concern the management of non-764 

aeronautical activities (in our case retail) and this kind of analysis can be included in gate assignment 765 

problems to reflect this link between aeronautical and non-aeronautical activities.  766 

The objective of this study is the introduction of a modelling framework that could help airport 767 

managers to allocate flights to gates by maximizing the potential commercial revenues from 768 

passengers. A MILP gate assignment model was developed including passenger choice modelling, with 769 

the definition of a new objective function. This MILP assigns flights to gates considering all the 770 

constraints from gates and flights, by maximizing the money spent by passengers inside the terminal 771 

and at the same time ensuring minimized walking distances, using a conversion cost in order to 772 

achieve a final objective function with the same monetary units.  773 
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The results of the methodology application to the case study of Lisbon airport showed that 774 

the consideration of the passenger aspect in the gate assignment problem could have an impact on 775 

the non-aeronautical retail revenues of the airport under study. Although this impact in absolute 776 

numbers was not high, corroborating the conclusion of Dirk et al. (2020), when considering the 777 

numerical value, it is considerable for the management of non-aeronautical revenues.  778 

The current work serves as a proof-of -concept of the potential of joining the two modelling 779 

approaches. It is suggested that future work focuses on the inclusion of further objectives and 780 

restrictions in the model related to aircraft operations and that the value of terminal gates is 781 

monetized according to the passenger purchasing behaviour at the neighbouring retail areas. Different 782 

types of passengers could also be defined and included in the passenger behaviour modelling while 783 

the relationship among purchase levels and distances could be explored in its various forms (such as 784 

linear, exponential among others). Mathematical formulas could be concluded for the relationship 785 

among distances and purchases to make future models more robust as in this study we made the 786 

assumption of a linear relationship to serve the purpose of this specific work. The use of more detailed 787 

data from airport operators could also enhance the methodological framework presented in this 788 

exploratory research; for example, a synchronous database of gate assignment and passenger 789 

behaviour could shed light on the impact of time availability on the purchasing behaviour and the 790 

consequent optimal gate assignment solution. Finally, other preferences of airport managers should 791 

also be considered and modelled. For instance, airport managers may prefer to avoid potential 792 

conflicts in taxiing and assign gates that are not close to each other at the same time, so that passenger 793 

do not get confused if their boarding gates and times are simultaneously too close.  794 

 795 

  796 
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