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ANNOTATION

The monograph presents a comprehensive study of the organization of passen-
ger and baggage transportation by air. Air transportation is considered as an integrated
system in which commercial planning, passenger service, baggage handling, aircraft
operation, airport infrastructure, ground resources, public regulation and digital infor-
mation exchange must function coherently. The work emphasizes that passengers ex-
perience these activities as one continuous journey even though separate organizations
perform individual operations.

The purpose of the publication is to combine theoretical principles with methods
that can support practical aviation decisions. Thematerial explains how demand, capac-
ity, time, cost, quality, safety, environmental impact and risk can be represented through
measurable indicators. Formulas, graphs, schemes and tables are used to demonstrate
relationships between operational variables and to show how alternative solutions may
be compared.

Particular attention is given to the relationship between local and system-wide
performance. Increasing productivity at one checkpoint, baggage position or aircraft-
service task does not necessarily improve the complete process. A local action may
transfer a queue, workload or delay to another participant. The monograph there-
fore evaluates passenger and baggage operations across the entire journey and aircraft
turnaround.

The study is intended for students of aviation transport, postgraduate re-
searchers, academic staff and specialists employed by airlines, airports and ground han-
dling organizations. It can be used when preparing educational materials, coursework,
qualification studies, operational analyses and managerial justifications. The models
are designed for adaptation to local data and operating conditions.

The work contains seven chapters covering regulation, participants, infrastruc-
ture, passenger flows, transportation processes, vehicles, digitalization and cybersecu-
rity. Together they form a structured description of the resources, decisions and controls
required to provide safe, reliable and passenger-oriented air transportation.
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The first chapter establishes the theoretical and normative foundations of pas-
senger air transportation. Aviation is examined as a component of the wider transport
system and as an industry with strong international coordination requirements. Its ad-
vantages in speed and geographic reach are considered together with high capital inten-
sity, infrastructure dependence, environmental effects and sensitivity to disruption.

International conventions, standards, recommended practices and national rules
create a multi-level regulatory environment. The monograph explains why commercial
agreements and internal procedures cannot replace mandatory safety, security, airwor-
thiness, border and passenger-protection requirements. Regulation is presented as an
operational input that determines responsibilities, documentation, permitted actions and
control procedures.

Passenger air services are classified according to regularity, network role, mar-
ket, operating model, distance and service concept. Scheduled, charter, regional, low-
cost, full-service, direct and connecting operations create different requirements for
aircraft, terminals, schedules and passenger information. Classification is used as a
decision tool rather than as a purely descriptive exercise.

The second chapter examines the organizations and infrastructure that produce
the service. Airlines, airports, ground handlers, air navigation providers, authorities
and contractors have different objectives but share one operational process. Their in-
teraction is analysed through milestones, information latency, responsibility allocation
and coordinated decision-making.

Airport infrastructure is divided into airside, landside and terminal-interface el-
ements. Functional zoning must separate passenger categories and security states while
preserving accessible and comprehensible routes. Runways, taxiways, stands, check-in
areas, control points, gates, baggage systems and ground roads are treated as interde-
pendent capacity resources. The chapter relates infrastructure loading to service quality
and demonstrates why sustainable capacity must include an operational reserve.

Aircraft ground handling is presented as a coordinated sequence of arrival, pas-
senger, baggage, servicing, loading and departure tasks. Parallel execution shortens
turnaround time, but safety restrictions and task dependencies limit concurrency. Effec-
tive control requires planned, predicted and actual milestone times, early identification
of deviation and authority to reallocate resources.
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The third chapter studies the formation of passenger flows between cities, coun-
tries and continents. Demand is described as a response to population, income, eco-
nomic relations, journey purpose, fares, travel time, frequency, reliability, destination
attractiveness and competingmodes. Passenger volume is therefore treated as a variable
outcome rather than a fixed characteristic of a route.

Origin–destination models, gravity relations, choice models and network as-
signment are used to represent spatial movement. The distinction between passenger
journeys and individual flight segments is emphasized because connecting passengers
and multi-airport regions can produce several feasible paths for one city pair. Hub-and-
spoke networks create connectivity and density benefits but also concentrate transfer
demand and disruption risk.

Seasonality and within-day concentration influence fleet use, terminal capacity,
staff schedules and baggage resources. Forecasting methods should preserve both total
passenger volume and its distribution among airports, routes and time periods. Forecast
uncertainty is represented through scenarios, prediction errors and sensitivity analysis.
Data from reservations, departure control, airport systems, surveys and observations
require common definitions and quality documentation.

The fourth chapter follows the organization of passenger and baggage carriage
from reservation to completion of the journey. Reservation and ticketing establish the
commercial and information basis of transportation. Check-in, document verification,
security procedures and boarding transform a booked passenger into an accepted and
boarded passenger. Each channel requires consistent information, accessible exception
handling and controlled transfer of status between systems.

Baggage handling is analysed as a chain of acceptance, identification, screen-
ing, sorting, reconciliation, loading, transfer, unloading and delivery. Tracking points
improve traceability only when identifiers and event records remain reliable. The chap-
ter also considers cabin service, passenger information, arrival procedures, irregular
baggage and service recovery. Quality is evaluated across the full journey rather than
through one isolated contact point.

Quantitative indicators describe booking development, channel completion,
waiting, boarding progress, baggage traceability and delivery. Their purpose is to con-
nect observed performance with specific operational action and responsible personnel.
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The fifth chapter examines vehicles used in passenger air transportation. Pas-
senger aircraft are classified by propulsion, capacity, range and operational role. Air-
craft selection is linked to forecast demand, route distance, frequency, airport limita-
tions, payload, baggage requirements and economic performance. A type that mini-
mizes cost on one flight may be unsuitable for a network that requires schedule fre-
quency or operational flexibility.

Cabin configuration affects seating capacity, comfort, boarding, carry-on bag-
gage, accessibility and evacuation requirements. Hold volume and payload determine
the ability to carry checked baggage and commercial cargo. The monograph shows why
fleet and configuration decisions must be coordinated with terminal, stand and baggage
processes.

Ground vehicles and servicing equipment include passenger buses, stairs, load-
ers, tractors, power units, service vehicles and specialized handling systems. Their
quantity, travel time, compatibility, energy state and technical availability influence
turnaround reliability. Maximum equipment utilization is not always desirable because
a reserve is required for travel, charging, maintenance and disruption recovery.

Operational, economic and environmental indicators are used to compare vehi-
cles. Unit cost depends on distance, load factor, productive time and fixed and variable
expenditure. Environmental evaluation includes energy and emission intensity rather
than technology labels alone. Maintenance and airworthiness support are examined
through condition indicators, reliability, inspection intervals and the balance between
preventive cost and failure risk.

The sixth chapter considers digitalization as an organizational transformation
rather than the installation of isolated applications. Mobile check-in, kiosks, automated
bag drop, biometric processing and digital wayfinding can reduce routine workload, but
staffed exception channels and accessible fallback remain necessary. Performance op-
timization requires indicators connected to decisions, thresholds and accountable roles.

Integration of airline, airport and ground-handler systems depends on common
identifiers, event definitions and authoritative sources. Artificial intelligence and dig-
ital twins can support forecasting, anomaly detection and comparison of alternatives
when their uncertainty and assumptions are controlled. Digital investment is evaluated
through life-cycle cost, measurable benefits, implementation readiness and cybersecu-
rity requirements.
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The seventh chapter addresses contemporary cyber threats in the aviation sector.
Connected passenger systems, operational databases, communication links, surveil-
lance services, industrial controllers and supplier platforms create a complex digital in-
frastructure. The chapter evaluates vulnerabilities through asset exposure, dependency
concentration, interfaces and trusted recovery baselines.

Threats include credential compromise, malware, denial of service, data manip-
ulation, spoofing, jamming and unauthorized unmanned aircraft. Their significance is
determined by operational consequences and propagation between connected processes.
Preventive controls are combined with anomaly detection, independent physical verifi-
cation, segmentation and controlled fallback procedures.

Passenger information receives special attention because identity, itinerary,
payment, baggage and assistance data are exchanged among several organizations. Data
minimization, role-based access, traceability, protected exchange, retention limits and
incident procedures are presented as elements of one information life cycle. Privacy
protection must coexist with the availability and accuracy required for safe transporta-
tion.

Cyber resilience is defined through preparation, detection, containment, conti-
nuity, trusted restoration and learning. Incident response must connect technical teams
with operational authorities capable of deciding which system may be isolated and
which minimum service must continue. Exercises, role-based training and evidence-
based risk acceptance strengthen organizational readiness.

The monograph concludes that effective passenger and baggage transportation
depends on integration. Regulation establishes mandatory boundaries; infrastructure
and vehicles provide physical capacity; personnel execute and supervise processes; dig-
ital systems create shared awareness; and management coordinates decisions under un-
certainty. Improvement requires balanced attention to safety, security, service quality,
cost, environmental performance and resilience.

The publication offers a unified analytical basis for education and applied re-
search. Its models and indicators can support evaluation of existing operations, com-
parison of development alternatives and preparation of justified managerial decisions.
The principal outcome is a system-oriented framework for organizing air transportation
in which passenger needs and baggage reliability are coordinated with aircraft, airport
and information processes.

Keywords: passenger air transportation; baggage transportation; airport oper-
ations; ground handling; service quality; digitalization; cybersecurity.
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INTRODUCTION

Passenger air transportation is an essential component of national and interna-
tional mobility. It connects cities, countries and continents within time intervals that
cannot be achieved by most alternative modes. Every journey depends on coordinated
work by airlines, airports, ground handlers, air navigation organizations, security ser-
vices and public authorities.

Passenger transportation is not limited to aircraft movement between airports. It
includes itinerary selection, reservation, payment, check-in, baggage acceptance, con-
trols, boarding, cabin service, arrival and baggage delivery. The passenger evaluates
these operations as one service even though different organizations perform them. Air-
port service quality is consequently formed by several interrelated dimensions [1].

Baggage transportation constitutes a parallel material and information flow.
Each item must be identified, screened, sorted, reconciled, loaded and delivered cor-
rectly. A discrepancy between physical location and recorded status causes delay, ad-
ditional cost and loss of passenger confidence. Reliable organization therefore requires
technological discipline and timely data exchange.

The relevance of the research is strengthened by changes in passenger expecta-
tions and aviation business models. Travellers increasingly expect continuous informa-
tion, mobile services, predictable processing time and rapid assistance during disrup-
tion. Airlines simultaneously seek higher aircraft utilization and lower unit costs, while
airports must process concentrated flows within limited terminal, stand and runway ca-
pacity. Network research demonstrates that local changes can influence connectivity
and performance far beyond one airport or route [8].

Safety and security remain the binding conditions for every improvement. Pro-
ductivity cannot be increased by omitting mandatory controls or reducing the time re-
quired for safe operations. New digital interfaces, biometric services, connected equip-
ment and remotely operated systems also expand the cyber threat surface. Cybersecurity
must therefore be incorporated into operational design and continuity planning rather
than treated only as a separate technical activity [9].

Sustainable development adds another dimension to the organization of air
transportation. Aircraft technology, fuel, load factor, network design, terminal energy
use and ground operations jointly influence environmental performance. Technological
improvement is important, but it must be evaluated together with operational, economic
and policy measures [2, 7].
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The purpose of this monograph is to systematize theoretical principles, regu-
latory requirements and applied methods for organizing passenger and baggage trans-
portation by air. The study treats air transportation as an integrated service and pro-
duction process. Its effectiveness is determined by the coordinated use of vehicles,
infrastructure, personnel, information and time under safety, security, capacity, quality
and economic constraints.

The object of the study is the process of passenger and baggage transporta-
tion within airline and airport networks. The subject of the study comprises organiza-
tional relationships, technological procedures, passenger and baggage flows, resource-
allocation decisions, performance indicators and digital tools used during preparation
and operation of air services.

The research tasks include analysis of aviation’s transport role and regulation;
classification of services; examination of participants and infrastructure; modelling of
passenger flows; description of passenger and baggage procedures; assessment of ve-
hicles; and evaluation of digitalization, sustainability and cybersecurity.

The methodology combines systems analysis, process representation, demand
modelling, operations research and statistical evaluation. Quantitative relationships de-
scribe capacity, utilization, waiting, reliability, cost and risk. Graphs illustrate depen-
dencies, while tables connect indicators with decisions. The formulas support transpar-
ent calculations using airline, airport or route data.

The work follows a passenger-centred but system-wide perspective. Satisfac-
tion cannot be separated from punctuality, baggage reliability, infrastructure loading
and aircraft readiness. An improvement at one point may transfer a queue or delay
downstream. Decisions must therefore be assessed across the complete journey and
aircraft turnaround.

Particular attention is paid to uncertainty in arrivals, service duration, weather,
technical condition and punctuality. Average values are insufficient for peak planning.
Scenarios, reserves and sensitivity testing show whether a solution remains feasible
outside the central forecast.

The monograph also considers lessons from major disruptions. The pandemic
demonstrated that aviation networks can experience simultaneous demand, operational
and regulatory shocks, requiring airlines and airports to revise schedules, capacity and
service procedures rapidly [11, 12]. Resilience consequently includes the ability to
preserve essential functions, adapt resources and restore coordinated operation after an
interruption.
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The practical value of the presented material lies in its connection between
concepts and measurable decisions. The proposed indicators can be used to evaluate
passenger-processing channels, terminal zones, baggage operations, aircraft selection,
ground equipment, digital projects and cyber controls. Their application requires lo-
cal calibration because traffic composition, infrastructure, operating rules and service
standards differ among airports and airlines.

The book is organized into seven chapters. The first chapter presents the theo-
retical and normative foundations of passenger air transportation. It explains the role of
aviation in the transport system, the levels of regulation, classifications of air services
and current development trends. These foundations establish the constraints within
which later organizational and technological decisions are made.

The second chapter examines participants, terminal zoning, flight preparation,
ground handling and infrastructure throughput. The third focuses on demand factors,
passenger-flowmodels, hub connections, seasonality, data and route-network scenarios.

The fourth chapter follows the passenger and baggage journey from reserva-
tion to arrival. The fifth considers aircraft, cabin and baggage configurations, aircraft
selection, ground equipment, environmental characteristics and maintenance.

The sixth chapter analyses self-service, biometric identification, optimization,
sustainability, system integration, artificial intelligence and economic evaluation. Dig-
ital models provide value only when data quality, responsibility and operational action
are clear.

The seventh chapter examines infrastructure vulnerabilities, threats to aviation
systems, passenger-data protection, incident response, regulation, risk management and
personnel competence. Its objective is trusted information exchange and controlled
recovery.

The material is intended for students, researchers, teaching staff and aviation
specialists. It may support academic papers, operational studies, training and man-
agerial decisions. The models do not replace certified data, mandatory procedures or
professional safety assessment.

Taken together, the chapters present passenger and baggage transportation as a
single coordinated system. Its performance depends on the consistency of regulation,
infrastructure, vehicles, technology and human decisions. This integrated perspective
provides the basis for improving accessibility, safety, service quality, resilience and
resource efficiency in passenger air transport.
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CHAPTER 1

THEORETICAL AND NORMATIVE-LEGAL FOUNDATIONS OF
AIR PASSENGER TRANSPORTATION

Passenger air transportation is a complex socio-technical system whose func-
tioning depends on the coordinated interaction of legal institutions, transport operators,
infrastructure facilities, technologies and passengers. Unlike an isolated production
process, air carriage crosses organizational and territorial boundaries. A single jour-
ney may involve an airline, several airports, ground handling companies, air navigation
service providers, border and customs authorities, security organizations, travel inter-
mediaries and surface transport operators. The effectiveness of the system is therefore
determined not only by the technical performance of an aircraft but also by the coher-
ence of all processes that precede and follow the flight [27].

The theoretical foundations of passenger air transport explain its place in the
general transport system, its economic and social functions, and the specific charac-
teristics of the air transport service. These characteristics include the impossibility of
storing unused seat capacity, the dependence of operations on schedules and airport
slots, the concentration of high fixed costs, strict safety requirements and considerable
sensitivity to external disturbances. Demand varies by route, season, day and passen-
ger category, while capacity must be planned before the final number of passengers is
known. Consequently, the organization of air carriage requires forecasting, network
planning, resource coordination and continuous operational control [27].

The normative-legal foundation is equally important because international avi-
ation cannot function through the rules of one operator or one state alone. Common
principles regulate the use of airspace, admission of carriers to international markets,
certification of aircraft and organizations, personnel licensing, aviation security, facil-
itation, environmental protection and carrier liability. International conventions and
ICAO Standards are implemented through regional and national legislation, aviation
regulations and oversight procedures. Contractual instruments, including tickets, con-
ditions of carriage and handling agreements, specify the relationships between individ-
ual participants but remain subordinate to mandatory legal requirements [27].

Regulation performs several interconnected functions. It establishes a uniform
minimum level of safety and security, distributes responsibility among participants,
protects passenger rights and supports predictable international operations. At the same
time, it creates the conditions for competition and commercial development. An effec-
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tive regulatory system must maintain a balance: requirements should be sufficiently
clear and enforceable to protect the public interest, yet sufficiently adaptable to accom-
modate new technologies, business models and methods of service delivery [27].

Contemporary passenger aviation is developing under the influence of digital-
ization, environmental constraints, changing consumer expectations and the need for
greater resilience. Mobile services, biometric identification, automated baggage pro-
cessing and data-driven decision support are altering the passenger journey. Fleet re-
newal, sustainable aviation fuels and more efficient operational procedures are becom-
ing central to environmental policy. Recent large-scale disruptions have also demon-
strated that efficiency cannot be evaluated without considering reserve capacity, busi-
ness continuity, reliable communication and the ability to recover passengers and bag-
gage when the original plan cannot be performed [26].

This chapter develops a unified conceptual basis for the subsequent analysis of
passenger and baggage transportation. First, it defines the role of aviation within an in-
tegrated mobility system and examines its economic, territorial and social significance.
Second, it presents the hierarchy of international, regional and national regulation and
explains how legal requirements are transformed into operational procedures. Third,
it classifies passenger services according to geography, schedule, network form, busi-
ness model and production arrangement. Finally, it identifies the principal directions
in which passenger aviation is currently developing. Together, these issues provide
the theoretical and regulatory framework needed to examine infrastructure, passenger
flows, service technologies, vehicles, digitalization and cybersecurity in the following
chapters [26].

The mathematical expressions presented below are authorial formalizations and
adaptations of the indicators, relationships and analytical approaches discussed in the
cited literature. A source placed immediately before an expression identifies its concep-
tual or methodological basis and does not imply verbatim reproduction of the original
publication [26].

1.1. The role of passenger air transport in the modern transport
system

Passenger air transport is a component of the transport system that provides rapid spatial
movement of people between settlements, regions and countries. Its principal techno-
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logical advantage is speed over long distances. This advantage is not limited to the
time spent in flight. It also includes the possibility of crossing seas, mountains, deserts
and sparsely populated territories without constructing a continuous surface route. For
this reason, aviation is especially important for island states, remote regions and large
countries in which travel by road or rail requires considerable time [16].

The result produced by passenger aviation is a transport service rather than a
material product. The service is created and consumed simultaneously: an unused seat
on a departed flight cannot be stored and sold later. This characteristic has fundamental
consequences for airline planning. Capacity must be formed before the exact level of
demand is known, while revenue depends on the number and composition of passen-
gers actually carried. Airlines therefore combine schedule planning, fleet assignment,
revenue management, reservation control and operational dispatch in a single decision-
making system [20].

Passenger transportation by air should be viewed as a chain of interdependent
processes. It begins before the passenger arrives at the airport and normally includes
searching for a suitable itinerary, reservation, payment, ticket issuance, notification
of the conditions of carriage, check-in and acceptance of baggage. At the airport it
continues through security and, where applicable, border, customs and health controls,
followed by boarding and flight. After landing, the process includes disembarkation,
transfer or arrival formalities, baggage delivery and the settlement of possible claims.
The quality of the complete service is determined by the weakest element of this chain
rather than by flight performance alone [23].

The total duration of the passenger’s door-to-door journey can be represented
as formula (1) [19]:

Td2d = Ta + Tp + Tw + Tf + Ttr + Te, (1)

where Ta is airport access time, Tp is the duration of terminal and control procedures,
Tw is waiting time, Tf is flight time, Ttr is transfer time, and Te is travel time from the
arrival airport to the final destination. This expression demonstrates why comparison
of transport modes based only on vehicle movement time is incomplete.

This relationship evaluates the complete passenger journey rather than the air-
borne segment alone. To calculate it, every consecutive stage must be measured in the
same time unit and then added. The result makes it possible to compare air travel fairly
with rail, road, or multimodal alternatives. The largest component identifies the stage
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where operational improvement can produce the greatest reduction in total journey time.
The indicator is therefore useful for timetable design, airport access planning, transfer
coordination, and passenger information [14].

Modern passenger mobility is multimodal. A traveller rarely begins and ends
a journey at an airport. Access may involve walking, a private car, taxi, bus, metro or
railway, while the destination segment requires another surface mode. The real passen-
ger itinerary is therefore a door-to-door movement. From this perspective, the airport
is an interchange node connecting air transport with urban, regional and international
networks [23].

The competitiveness of a flight depends partly on the quality of these connec-
tions. A fast flight can lose its advantage if the airport is difficult to reach, transfer in-
tervals are unreliable, or information is fragmented between operators. Conversely, di-
rect rail service to a terminal, coordinated timetables, through ticketing and predictable
baggage procedures enlarge an airport’s catchment area. They also make air services
accessible to residents of cities that do not have their own airport [16].

Air and high-speed rail may function as competitors on routes where total travel
times are comparable. They may also complement one another. Rail can replace short
feeder flights at congested hubs, while the airline supplies long-distance connectivity.
The appropriate relationship depends on geography, demand density, infrastructure, en-
vironmental policy and the organization of schedules. The central planning criterion is
not protection of a particular mode but the reliability and resource efficiency of the
whole passenger journey [20].

For multimodal comparison, the generalized cost of alternative m may be cal-
culated as formula (2) [15]:

Gm = Cm + vTm + Cd
m + Ctr

m, (2)

where Cm is the direct monetary cost, v is the passenger’s value of time, Tm is total
travel time, Cd

m is the expected cost of delay, and Ctr
m represents the inconvenience and

risk associated with transfers. The preferred alternative is not necessarily the one with
the lowest fare; it is the alternative with the lowest generalized cost for the relevant
passenger segment.

This indicator converts money, time, delay risk, and transfer inconvenience into
one comparable measure. The calculation begins with the fare and other direct ex-
penses, after which time-related and reliability-related costs are added. A lower value
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indicates a more attractive alternative for the passenger segment whose value of time is
used. Different values of v should be applied to business, leisure, and other passenger
groups because their sensitivity to time differs. The result supports modal comparison,
itinerary ranking, pricing analysis, and evaluation of airport accessibility [16]. The
corresponding comparison is presented in Figure 1.
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Figure 1: Illustrative relationship between journey distance and generalized transport cost. Author’s
calculation based on [3]

An integrated system requires common information. Passengers need consistent
data concerning departure time, terminal, check-in deadline, platform or gate, baggage
rules and disruption alternatives. Operators need timely data on connecting passengers,
expected arrival times and capacity. Digital exchange reduces uncertainty, but it also
creates requirements for data quality, cybersecurity, personal-data protection and clear
allocation of responsibility [16].

Air connectivity supports economic activity by reducing the generalized cost
of distance. It makes business meetings, tourism, education, labour mobility and vis-
its to relatives possible within time limits that surface transport cannot always meet.
The benefit is particularly significant for activities in which time has a high value or
personal presence is required. Aviation also accompanies trade in high-value and time-
sensitive goods, although freight transportation is outside the principal subject of this
monograph [16].

The economic effect of an airport extends beyond the jobs of airlines and airport
operators. Ground handling, maintenance, catering, security, retail, hotels and surface
transport form a local service ecosystem. Indirect effects arise through purchases from
suppliers, while induced effects arise when employees spend their income. Wider cat-
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alytic effects may include tourism development, access to investment and participation
in international production and knowledge networks. These effects must be assessed
carefully: they vary by region and should not be equated automatically with gross pas-
senger numbers [23].

The total regional economic effect may be expressed as formula (3) [22]:

Etot = Edir + Eind + Einduced + Ecat, (3)

Here, Etot is the total regional economic effect; subscripts dir, ind, induced, and cat
identify its direct, indirect, induced, and catalytic components, respectively.

This decomposition estimates how aviation activity affects the economy of a
region. The calculation requires separate estimates of employment, income, expendi-
ture, supplier activity, household spending, and wider connectivity effects. Adding the
components produces a total effect, but care must be taken to avoid counting the same
benefit more than once. The result can be compared across airports only when the same
territorial boundary and methodology are used. It is applied in airport-development
studies, public-investment appraisal, and assessment of regional transport policy. In
this expression, the terms denote direct, indirect, induced and catalytic effects. If an
empirically justified regional multiplier µ is available, the first three components may
be approximated by formula (4) [22]:

Edir + Eind + Einduced = µEdir. (4)

Here, µ is the empirically estimated regional multiplier and Edir is the direct economic
effect; the left-hand side is the combined direct, indirect, and induced effect.

This simplified expression estimates the combined direct, indirect, and induced
effect from a known direct effect. The direct value is multiplied by a regional coefficient
obtained from input–output tables or an empirical economic study. A larger multiplier
means that aviation expenditure circulates more intensively through local suppliers and
household consumption. The coefficient must not be transferred mechanically between
regions because their economic structures and import shares differ. The estimate is use-
ful at an early planning stage when detailed sector-by-sector data are unavailable [17].

Connectivity is a more informative characteristic than the number of flights
alone. A route has greater system value when its timetable permits useful trips and
reliable onward connections. The connectivity of a city depends on the number of des-
tinations, frequency, travel time, transfer quality, seat capacity and affordability. A
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daily service may be more useful for business mobility than several weekly flights,
whereas seasonal services can be appropriate for leisure demand [20].

A weighted connectivity index for airport i can be written as formula (5) [15]:

CIi =
n∑

j=1

fijsijqij

tαijc
β
ij

, (5)

Here, CIi is the connectivity index of airport i; i identifies the origin airport, j identi-
fies a destination, n is the number of destinations, and

∑
denotes summation over all

destinations.
This index measures the practical connectivity supplied by an airport rather

than merely counting destinations. Each destination contribution is calculated from fre-
quency, seats, service quality, travel time, and price, after which all contributions are
summed. Higher frequency, capacity, and quality increase the result, whereas longer
travel time and higher generalized fare reduce it. The parameters α and β can be cali-
brated to represent the observed sensitivity of passengers to time and cost. The index
supports comparison of airports, route-development priorities, and evaluation of net-
work changes. In this expression, fij is service frequency, sij is the number of seats
offered, qij is a quality coefficient reflecting schedule and transfer convenience, tij is
travel time, cij is the generalized fare, and α and β describe sensitivity to time and
price. The index increases when a city receives more frequent, larger, faster and more
affordable connections [23].

Air transport also influences the spatial organization of a country. Major hubs
concentrate flows and provide economies of density. Regional airports support ter-
ritorial accessibility and may perform social or strategic functions even when com-
mercial demand is insufficient for fully profitable operation. Public service obligation
schemes and other support mechanisms can preserve essential connections, but they
require transparent selection, proportional financing and periodic review. Otherwise,
support may maintain inefficient capacity or distort competition without delivering a
commensurate public benefit [20].
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Table 1: Principal functions of passenger air transport in the transport system

Function Transport result System-level implication

Spatial Rapid connection over long distances
and physical barriers

Expansion of accessible labour, educa-
tion and service markets

Economic Reduction of time costs for business
and tourism

Support for investment, trade and re-
gional service activity

Social Personal, family, educational and hu-
manitarian mobility

Inclusion of remote and island commu-
nities

Network Concentration and redistribution of
flows through hubs

Economies of density together with de-
pendence on transfer reliability

Strategic Emergency, evacuation and continuity
capability

Need for resilient airports, fleets, per-
sonnel and communication systems

Integrative Connection with road, rail and urban
transport

Requirement for coordinated timeta-
bles, information and passenger rights

The passenger is not merely a unit of traffic. Air travel enables family relation-
ships, cultural exchange, study, medical travel and participation in public life. These
purposes explain why accessibility, dignity and non-discrimination are integral to trans-
port organization. A service is not genuinely available if a passenger cannot obtain
understandable information, reach the terminal, use the required processes or receive
reasonable assistance [20].

Passengers are heterogeneous. Their needs vary according to age, health, mo-
bility, language, travel experience, group size and the purpose of travel. Persons with
disabilities and persons with reduced mobility may require assistance from the terminal
entrance to the aircraft seat and during transfer. Families may need coordinated seating
and carriage of child equipment. Unaccompanied minors require documented handover
procedures. Elderly passengers and first-time travellers benefit from clear wayfinding
and human support even where self-service technology is widespread [14].

Accessibility should be incorporated at the design stage. Retrofitting isolated
solutions after a terminal, website or procedure has been designed is usually less ef-
fective and more expensive. Universal design includes step-free routes, readable signs,
audible and visual information, accessible digital interfaces, suitable service counters
and training for personnel. Operational plans must also protect passengers requiring
assistance during irregular operations, when gates change, queues grow and normal
processes are disrupted [19].

The gravity-type indicator of the spatial accessibility of airport i is given by
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formula (6) [1]:

Ai =
n∑

j=1

Popj
Gθ

ij

, (6)

Here,Ai is the spatial accessibility indicator of airport i; j is a population zone, n is the
number of zones, and

∑
aggregates their accessibility contributions.

This indicator estimates how easily the population surrounding an airport can
reach it. For every population zone, the number of residents is divided by the ac-
cess impedance raised to the selected sensitivity power, and the zone values are added.
Nearby populous zones contribute more than small or distant zones. Increasing θmakes
the measure more sensitive to access cost and therefore reduces the contribution of re-
mote areas. The result is used to compare airport catchment areas and to justify road,
rail, or public-transport improvements. In this expression, Popj is the population of
zone j, Gij is the generalized cost of reaching airport i from that zone, and θ is the
impedance parameter. A service-accessibility score can additionally be defined as for-
mula (7) [19]:

As =

∑m
k=1wkak∑m
k=1wk

, (7)

Here, As is the service-accessibility score, wk is the importance weight of criterion k,
m is the number of criteria, and the denominator normalizes the weighted sum.

This score evaluates whether passenger services satisfy a set of accessibility re-
quirements. Each criterion is assigned a performance value and an importance weight,
after which the weighted values are summed and normalized. A value close to one indi-
cates broad compliance, while a low result identifies significant barriers for passengers.
The individual criterion values should also be reviewed because a strong aggregate re-
sult can conceal failure of a critical requirement. The score supports accessibility audits,
terminal redesign, staff training, and monitoring of corrective actions. In this expres-
sion, ak represents compliance with accessibility criterion k [14].

Affordability affects social accessibility as much as physical access. Liberal-
ization and low-cost business models have expanded opportunities for travel, but a low
advertised fare does not necessarily represent the total cost of the journey. Optional
services, baggage, airport access and change restrictions can materially alter the final
price. Transparent presentation allows passengers to compare alternatives and reduces
disputes at later stages [19].

Passenger air transport operates under strict safety constraints and high fixed
costs. Aircraft, airport infrastructure, air navigation services and qualified personnel
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must be available before a flight can be performed. The system is also sensitive to
weather, airspace restrictions, technical failures, security events and congestion. A dis-
turbance at one hub can propagate through aircraft rotations and passenger connections
across an entire network [14].

Capacity has several dimensions. Runway capacity determines the possible
number of movements under specified operating conditions. Terminal capacity con-
cerns processing at check-in, security, border control, gates and baggage reclaim.
Airspace capacity depends on routes, separation standards, controller workload and
traffic management. Airline capacity is expressed through seats and available seat-
kilometres, but actual service depends on aircraft availability and crew legality. Increas-
ing only one component may move a queue to another component rather than improve
the system [23].

For a sequence of dependent processing stages, the effective system capacity
limited by the bottleneck is given by formula (8) [15]:

Qsys = min{Q1, Q2, . . . , Qk}, (8)

Here, Qsys is total system capacity, Q1, . . . , Qk are the capacities of individual stages,
k is the number of stages, andmin selects the bottleneck capacity.

This relationship identifies the stage that limits the throughput of the complete
passenger-processing chain. The sustainable capacity of every stage is measured under
comparable operating conditions, and the smallest value is selected. Increasing the ca-
pacity of a stage that is not the minimum will not raise total system throughput until the
actual bottleneck is improved. The calculation should be repeated for different traffic
peaks, staffing plans, and equipment states. It is used in terminal planning, resource
allocation, and evaluation of security, border-control, gate, and baggage processes. In
this expression, Qk is the sustainable throughput of stage k expressed, for example, in
passengers per hour. The utilization of a stage is given by formula (9) [19]:

ρk =
λk
Qk

, (9)

Here, ρk is the utilization ratio of stage k, λk is its passenger-arrival rate, and Qk is its
sustainable service capacity; numerator and denominator must use the same time unit.

This ratio shows how intensively a processing stage is being used. The observed
or forecast arrival rate is divided by the sustainable processing capacity for the same
period. Values well below one indicate available reserve, whereas values close to or
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above one signal growing queues and unstable operation. The indicator should be cal-
culated separately for peak and off-peak periods because daily averages can conceal
short-term congestion. It supports staffing decisions, queue management, and assess-
ment of whether additional equipment or channels are required. The nonlinear increase
in waiting time is illustrated in Figure 2.
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Figure 2: Growth of the waiting-time index as passenger-processing utilization approaches capacity.
Author’s illustrative calculation based on [17]

In this expression, λk is the arrival intensity. When ρk approaches unity, even
small variations in demand or processing time can cause a disproportionate increase in
queues [20].

Demand is uneven by hour, day and season. Airlines seek schedules attractive to
passengers, which often produces peaks at convenient departure times or coordinated
hub banks. Airports must either provide resources for peak flows, manage demand
through slot allocation and pricing, or accept congestion and lower service quality. The
planning task is to balance utilization with a reserve for uncertainty. Maximum theo-
retical utilization is rarely a suitable operational objective because it leaves no capacity
to absorb variability [20].

Reliability is consequently a central product characteristic. Passengers value
not only the planned duration but also the probability of arriving by a required time.
A schedule with insufficient turnaround or transfer margins may appear efficient while
generating recurrent delay, missed connections and baggage mishandling. Robust plan-
ning uses realistic process times, protects critical connections and defines recovery op-
tions before disruption occurs [12].
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On-time performance for a delay threshold τ is given by formula (10) [1]:

OTPτ =
N(∆t ≤ τ)

Nop
× 100%, (10)

Here, OTPτ is on-time performance at threshold τ , ∆t is actual delay, N(∆t ≤ τ)

counts flights within the threshold, Nop is the number of operated flights, and 100%
converts the ratio to percent.

This percentage measures the share of operated flights whose delay does not ex-
ceed the selected threshold. The calculation requires the actual delay of every operated
flight and a clearly defined threshold, such as fifteen minutes. Raising the threshold
normally increases the reported result, so comparisons are valid only when the same
definition is used. A high percentage indicates schedule reliability but does not de-
scribe the severity of delays outside the threshold. The measure is used for operational
monitoring, service-level agreements, benchmarking, and passenger-performance re-
porting. In this expression, Nop is the number of operated flights. The more accurate
representation of average delay per passenger is given by formula (11) [19]:

Dp =

∑F
f=1 Pf max(0,∆tf)∑F

f=1 Pf

, (11)

Here, Dp is average passenger-weighted delay, F is the number of flights, f is a flight
index, Pf is passengers on flight f , ∆tf is its delay, andmax(0,∆tf) excludes early
operation from the delay total.

This indicator measures delay while accounting for the number of passengers
affected on each flight. Positive flight delay is multiplied by passenger volume, the
products are added, and the result is divided by total passengers. A heavily loaded
delayed flight therefore influences the result more than a lightly loaded one. Early
arrivals are assigned zero delay so that they do not offset the inconvenience caused by
late flights. The measure supports passenger-centred punctuality analysis, disruption-
cost estimation, and prioritization of recovery actions. In this expression, Pf is the
number of passengers affected by flight f [16].

The performance of passenger air transport is measured from several perspec-
tives. Airlines monitor load factor, yield, unit cost, punctuality, completion factor and
aircraft utilization. Airports monitor passenger throughput, processing time, queue
length, baggage delivery and infrastructure availability. Passengers judge price, con-
venience, reliability, comfort, information and complaint resolution. Public authorities
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focus on safety, security, connectivity, competition, consumer protection and environ-
mental impacts. No single indicator adequately describes the outcome [22].

The available seat-kilometres and revenue passenger-kilometres indicators are
given by formula (12) [22]:

ASK =
R∑
r=1

Srdr,

RPK =
R∑
r=1

Prdr,

(12)

Here, ASK denotes available seat-kilometres, RPK denotes revenue passenger-
kilometres, R is the number of routes, and r is a route index.

These two indicators describe offered transport production and the portion ac-
tually consumed by paying passengers. For each route, seats or revenue passengers are
multiplied by distance and then summed across the network. ASK measures capac-
ity supplied, whereas RPK measures passenger traffic performed. Their comparison
shows whether growth results from additional capacity, higher demand, longer routes,
or a combination of these factors. The indicators are fundamental for airline planning,
productivity analysis, and comparison of networks of different geographical size. In
this expression, Sr is offered seating capacity, Pr is the number of revenue passengers,
and dr is route distance. The passenger load factor is given by formula (13) [22]:

LF =
RPK

ASK
× 100%. (13)

Here, LF is passenger load factor, RPK is revenue passenger-kilometres, ASK is
available seat-kilometres, and 100% expresses the ratio as a percentage.

This percentage shows how much of the offered seat-distance capacity is oc-
cupied by revenue passengers. It is calculated by dividing passenger traffic performed
by capacity supplied and multiplying by one hundred. A rising value usually improves
unit-cost recovery, but an extremely high value may leave little capacity for rebooking
disrupted passengers. The result must be interpreted together with yield because full air-
craft can still be unprofitable when fares are too low. It is used in revenue management,
route evaluation, budgeting, and fleet-capacity decisions. This indicator characterizes
the use of offered capacity but must be interpreted together with yield, punctuality and
the availability of recovery capacity [16].

A high load factor can improve resource efficiency, but it may reduce recovery
options during cancellation. High aircraft utilization lowers unit cost, but an overly
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tight rotation can transmit delay. Short processing targets can improve flow, but they
must not weaken security or assistance. Performance management should therefore use
a balanced set of indicators and explicitly identify trade-offs [12].

Aviation creates benefits but also external costs. Aircraft operations generate
greenhouse-gas emissions, local air pollutants and noise. Airports occupy land and
influence surrounding development and surface traffic. These effects justify techni-
cal standards, land-use planning, environmental assessment and economic measures.
Environmental policy should evaluate the complete system, including fleet efficiency,
operational procedures, sustainable fuels, airport energy use and access transport. It
should also avoid shifting impacts from one stage or region to another without reducing
the total burden [15].

The public interest in aviation includes safety, equal access, fair competition,
territorial cohesion and environmental responsibility. Regulation is necessary because
passengers cannot independently verify many safety properties, network infrastructure
has monopoly characteristics, and the consequences of failure cross organizational and
national boundaries. At the same time, excessive or inconsistent regulation can raise
costs, restrict entry and fragment international operations. The role of policy is to es-
tablish clear outcomes and accountability while allowing operators to select efficient
means of compliance where appropriate [22].

Thus, passenger air transport is simultaneously a commercial service, a safety-
critical technological system and an element of public infrastructure. Its effectiveness
must be evaluated through the complete journey and through its interaction with the
economy, territory, society and environment. This systems view provides the foun-
dation for analysing regulation, service classification and future development in the
following sections [22].

1.2. International and national regulation of air transport

The international character of aviation makes legal coordination indispensable. An air-
craft may be registered in one state, operated by an airline established in another, leased
from a company in a third, crewed by citizens of several states and used to carry pas-
sengers between two further jurisdictions. Safety oversight, market access, passenger
liability, security, customs, immigration and environmental obligations may therefore
arise from different legal sources. Regulation organizes these relationships and defines
which authority, operator or service provider is responsible at each stage [4].
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The regulatory system is multi-level. International conventions create common
principles and obligations between states. Standards and Recommended Practices de-
veloped within the International Civil Aviation Organization provide technical and pro-
cedural harmonization. Bilateral andmultilateral air service agreements allocate market
access. Regional law may create common markets and passenger-protection rules. Na-
tional legislation establishes institutions, certification, enforcement and administrative
procedures. Finally, carrier conditions of carriage and airport rules govern contractual
and operational details, but they cannot lawfully reduce mandatory rights [10].

The weighted index summarizing an operator’s compliance with applicable reg-
ulatory requirements is given by formula (14) [28]:

Kc =

∑m
j=1wjcj∑m
j=1wj

, 0 ≤ cj ≤ 1, (14)

Here,Kc is the weighted compliance index, j identifies a requirement,m is the number
of requirements, and the denominator normalizes the weighted result to the interval
from zero to one.

This index summarizes compliance across a set of regulatory requirements.
Each requirement is assessed on a zero-to-one scale, multiplied by its importance
weight, and included in the normalized weighted average. A value close to one in-
dicates strong overall compliance, while a decline shows deterioration or newly iden-
tified gaps. Critical findings must still be treated individually because averaging must
not neutralize a mandatory safety deficiency. The index supports management review,
audit planning, corrective-action monitoring, and allocation of compliance resources.
In this expression, cj is the level of compliance with requirement j and wj is its weight
according to safety, legal or operational significance. The index is useful for internal
monitoring, but a high aggregate value cannot compensate for non-compliance with a
single critical mandatory requirement [28].

The Convention on International Civil Aviation, signed in Chicago on 7 De-
cember 1944, is the constitutional foundation of modern international civil aviation.
It recognizes the complete and exclusive sovereignty of every state over the airspace
above its territory. Consequently, an international scheduled service cannot operate
through or into another state’s territory solely on the basis of airline preference. Traffic
rights must arise from an applicable agreement or authorization [30].

The Convention distinguishes civil aircraft from state aircraft and establishes
principles concerning nationality, registration, documents, customs and immigration
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measures, rules of the air, recognition of certificates and investigation of accidents. It
also created ICAO as the permanent organization responsible for cooperation in in-
ternational civil aviation. The Convention seeks the safe and orderly development of
international aviation and the operation of services on the basis of equality of opportu-
nity [29].

Traffic rights are conventionally described as freedoms of the air. The first free-
dom is the right to overfly another state without landing; the second is the right to land
for a non-traffic purpose such as refuelling. The third and fourth freedoms concern
carrying traffic from the airline’s home state to another state and from another state
back to the home state. The fifth freedom permits carriage between two foreign states
on a service linked to the carrier’s home state. Additional commercial freedoms de-
scribe more extensive forms of carriage, including services between foreign states and
domestic carriage within another state. These later freedoms are analytical concepts
and depend on specific agreements; they are not automatically granted by the Chicago
Convention [29].

Air service agreements normally regulate routes, designated airlines, traffic
rights, capacity, tariffs or tariff procedures, safety and security cooperation, taxation,
commercial opportunities and dispute settlement. Traditional agreements were restric-
tive and closely controlled capacity. Liberal agreements allow airlines greater freedom
to determine frequency, aircraft and prices. Liberalization can expand connectivity and
competition, but it still requires effective safety oversight, fair competitive conditions
and infrastructure capacity [6].

Under the Chicago Convention, ICAO adopts international Standards and Rec-
ommended Practices, commonly called SARPs, in Annexes to the Convention. A Stan-
dard is a specification whose uniform application is recognized as necessary for safety
or regularity, while a Recommended Practice is recognized as desirable. States under-
take to collaborate in achieving the highest practicable degree of uniformity. When
a state cannot comply in all respects with an international Standard, the Convention
provides a mechanism for notification of differences [6].

The Annexes cover fields that collectively make international passenger ser-
vice possible. Personnel licensing, rules of the air, aircraft operations, airworthiness,
air traffic services, aerodromes, accident investigation, security, dangerous goods and
safety management directly affect flight safety. Annex 9 on Facilitation addresses the
efficient completion of border-control formalities for aircraft, passengers, baggage and
cargo. Annex 17 establishes the international framework for safeguarding civil aviation
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against acts of unlawful interference. Environmental protection is addressed through
Annex 16 [10].

SARPs are not self-executing rules for an airline in the same manner as a na-
tional regulation. States implement them through legislation, regulations, certification
requirements and oversight practices. The quality of implementation is therefore criti-
cal. Formal adoption without qualified inspectors, reliable reporting, enforcement ca-
pacity and institutional independence does not produce the intended safety outcome [9].

The multiplicative relationship representing implementation effectiveness is
given by formula (15) [30]:

Er = Hγ1Iγ2Oγ3, γ1 + γ2 + γ3 = 1, (15)

Here, Er is regulatory implementation effectiveness; γ1, γ2, and γ3 are non-negative
importance exponents whose sum equals one.

This relationship combines harmonization, national implementation, and over-
sight into one effectiveness measure. Each component is raised to an importance expo-
nent and the resulting factors are multiplied. The multiplicative form means that a very
weak component substantially reduces the total result even when the other components
are strong. The exponents should be selected through expert assessment or empiri-
cal calibration and must sum to one. The measure is useful for comparing regulatory
systems and identifying whether legal adoption, implementation, or enforcement re-
quires priority improvement. The sensitivity of the result to implementation conditions
is shown in Figure 3.
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Figure 3: Sensitivity of regulatory effectiveness to national implementation under alternative harmo-
nization and oversight levels. Author’s calculation based on [30]
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In this expression, H is the level of international harmonization, I is the com-
pleteness of national implementation, and O is the effectiveness of oversight and en-
forcement. The multiplicative form reflects the fact that a very low value of one com-
ponent limits the result even when the other components are well developed [30].

ICAO also publishes procedures, manuals and guidance material. These docu-
ments support consistent interpretation and implementation but must be distinguished
from binding national law. Operators should identify the legal status of every require-
ment in their compliance system. A manual may represent accepted good practice, a
contractual standard or an authority’s preferred means of compliance even when it is
not itself legislation [10].

The coverage of an oversight programme can be assessed as formula (16) [29]:

OC =

∑m
j=1wjaj∑m
j=1wj

× 100%, (16)

Here, OC is oversight coverage in percent, j is an oversight area, m is the number of
areas, wj is its importance weight, and aj is its inspection-status indicator.

This percentage measures how much of the required oversight programme has
been completed. Each oversight area is weighted, multiplied by its completion indi-
cator, and included in the normalized total. High-priority areas therefore influence the
result more than routine areas. A value below the annual target indicates that inspec-
tions, audits, or surveillance activities remain overdue. The indicator is used by aviation
authorities and internal compliance departments to schedule oversight work and report
programme execution. In this expression, aj equals one when oversight area j has been
examined within the required cycle and zero otherwise. The closure rate for identified
findings is given by formula (17) [28]:

CR =
Nclosed

Ndue
× 100%. (17)

Here, CR is the finding-closure rate, Nclosed is the number of findings closed by the
reporting date, Ndue is the number due for closure, and 100% converts the ratio to
percent.

This percentage measures the rate at which due oversight findings have been
closed. The number of findings closed by the reporting date is divided by all findings
whose closure date has arrived. A value of one hundred percent means that no due
corrective action remains formally open. The indicator should be supplemented by
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a quality review because closure is valid only when evidence demonstrates that the
underlying cause has been removed. It is used to monitor corrective-action discipline
and the responsiveness of regulated organizations [10].

Table 2: Levels of regulation relevant to passenger air transportation

Level Principal instruments Operational effect

International Chicago Convention, Montreal Conven-
tion and other treaties

Common principles, state obligations,
liability and jurisdiction

ICAO Annexes, procedures, manuals and guid-
ance

Harmonized safety, security, facilitation
and environmental framework

Intergovernmental
market access

Bilateral and multilateral air service
agreements

Routes, designation, traffic rights and
commercial conditions

Regional Regulations and agreements of regional
organizations

Common market, competition and
passenger-protection rules

National Air code, aviation regulations and au-
thority decisions

Certification, licensing, oversight, en-
forcement and sanctions

Contractual and
operational

Conditions of carriage, airport rules and
handling agreements

Detailed allocation of service obliga-
tions within mandatory law

The contract of carriage connects the regulatory system with the individual pas-
senger. It is evidenced by the ticket and associated reservation records, although elec-
tronic documentation has replaced the traditional paper ticket in most operations. The
contract identifies the itinerary and carrier and incorporates fare rules and conditions
of carriage. Mandatory legislation prevails over contractual terms where the two con-
flict [30].

The Convention for the Unification of Certain Rules for International Carriage
by Air, adopted in Montreal in 1999, provides a modern uniform regime for carrier
liability in international carriage. It addresses passenger death or bodily injury, delay
and damage to or loss of baggage and cargo. It also recognizes electronic documentation
and defines jurisdictional rules. Liability limits expressed in Special Drawing Rights
are subject to periodic review under the Convention’s mechanism, which allows their
real value to be adjusted without renegotiating the entire treaty [6].

The liability regime should be distinguished from standardized passenger rights
during disruption. The Montreal Convention concerns proven damage within its scope
and establishes defences and limits. Regional rules, such as those of the European
Union, may additionally require fixed compensation, care, reimbursement or rerouting
when specified conditions are met. A single event can therefore engage more than
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one legal instrument, but double recovery for the same damage is generally not the
objective [6].

For planning purposes, the expected financial exposure associated with passen-
ger claims may be estimated as formula (18) [28]:

Le =
n∑

s=1

psmin(Ds, Ls), (18)

Here, Le is expected financial exposure, s is a claim-scenario index, n is the number of
scenarios, andmin(Ds, Ls) selects the smaller of assessed damage and the applicable
liability limit.

This relationship estimates the average financial exposure created by possible
passenger claims. For every scenario, the payable amount is limited to the smaller of
assessed damage and the applicable legal ceiling and is then multiplied by scenario
probability. Adding these probability-weighted amounts gives the expected exposure
for budgeting purposes. The calculation must use current liability limits and realistic
probabilities based on operational history. It supports insurance planning, financial re-
serves, risk mitigation, and comparison of alternative passenger-service procedures. In
this expression, ps is the probability of claim scenario s,Ds is the assessed damage, and
Ls is the applicable legal limit where such a limit exists. This is an operational budget-
ing expression and does not replace the legal assessment of an individual case [10].

Baggage is a frequent source of legal and operational claims. The passenger
must receive clear information about allowances, prohibited articles, special items, dec-
laration of value and reporting deadlines. Checked baggage becomes part of a controlled
handling chain, yet the carrier remains the principal contractual contact for the passen-
ger. Handling agreements between airlines and airports or service providers allocate
operational tasks but do not automatically transfer statutory responsibility toward the
passenger [29].

Safety regulation manages risks arising from the technical and operational per-
formance of aviation. It includes certification of aircraft and organizations, licens-
ing of personnel, operational approvals, maintenance, air traffic management, aero-
drome requirements, occurrence reporting and safety-management systems. Contem-
porary oversight increasingly combines prescriptive rules with performance- and risk-
based methods. Prescriptive minimums remain essential, while risk-based oversight
directs attention toward activities and organizations with the greatest potential conse-
quences [10].
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The conventional quantitative representation of operational risk is given by for-
mula (19) [30]:

R =
n∑

i=1

piIi, (19)

Here, R is aggregate expected risk, i is a hazardous-event index, n is the number of
events, and

∑
adds the probability-weighted consequences.

This expression calculates expected risk as the sum of probability-weighted con-
sequences. Each hazardous event is assigned a likelihood and a consequence value us-
ing a consistent scale or monetary unit. Rare events with catastrophic consequences
can therefore remain significant even when their probability is low. The result is sen-
sitive to the quality of occurrence data and consequence assumptions, so uncertainty
should be documented. The measure supports safety assessment, prioritization of haz-
ards, and comparison of proposed risk controls. In this expression, pi is the probability
of hazardous event i and Ii is the magnitude of its consequences. When several control
measures are introduced, residual risk can be approximated by formula (20) [29]:

Rres = R0

m∏
j=1

(1− ηj), (20)

Here, Rres is residual risk, R0 is initial risk, j is a control index, m is the number of
controls, ηj is control effectiveness, and

∏
denotes multiplication across controls.

This relationship estimates the risk remaining after several controls are applied.
The initial risk is multiplied by the unmitigated fraction associated with every con-
trol. A more effective control has a larger ηj and therefore leaves a smaller residual
fraction. The expression assumes independent control effects, so common failures or
dependencies require a more detailed model. It is used to test whether planned barri-
ers reduce risk to an acceptable level and to compare alternative control packages. In
this expression, R0 is initial risk and ηj is the effectiveness of control j. In practice,
dependencies between controls must be considered because their effects are not always
independent [30].

Aviation security addresses intentional acts such as unlawful seizure, sabotage
and attacks on passengers, aircraft or infrastructure. Security responsibilities are dis-
tributed among states, airport operators, airlines, screening providers, police and intel-
ligence services. Measures include access control, screening of passengers and bag-
gage, protection of aircraft, background checks, staff training and response planning.
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Security must be effective while remaining compatible with facilitation, privacy, non-
discrimination and operational continuity [28].

Facilitation concerns the efficient movement of passengers and baggage through
administrative controls. It covers travel documents, entry and departure procedures, in-
admissible persons, deportees, public-health measures and assistance to persons with
disabilities. Advance passenger information and passenger-name records allow author-
ities to assess certain risks before arrival, but their use requires a lawful purpose, data
minimization, security and retention controls [6].

Safety, security and facilitation should not be managed as isolated fields. A
new control measure can create queues that increase crowding and reduce terminal re-
silience. A rapid self-service process can create identity or cybersecurity vulnerabilities
if assurance is weak. Regulation must therefore be translated into an integrated process
design, supported by testing, monitoring and contingency procedures [29].

Passenger-protection law responds to information asymmetry and the practi-
cal vulnerability of travellers during disruption. Core principles include transparent
prices and conditions, non-discrimination, assistance for persons with reduced mobil-
ity, timely information, complaint mechanisms and remedies for denied boarding, can-
cellation, long delay or baggage problems. The exact scope depends on the applicable
jurisdiction, departure point, destination and operating carrier [28].

The expected cost of passenger assistance and compensation over a planning
period is given by formula (21) [28]:

EC =
S∑

s=1

psNs(cs + as + rs), (21)

Here, EC is expected disruption-related passenger cost, s is a scenario index, S is the
number of scenarios, and the product psNs is the expected number of affected eligible
passengers in scenario s.

This calculation estimates the expected cost of passenger obligations during
disruption. For each scenario, compensation, assistance, and rerouting cost per pas-
senger are added and multiplied by the expected number of eligible passengers. The
scenario results are then summed to obtain the planning-period total. Accurate calcu-
lation requires separate probabilities and eligibility rules for cancellation, delay, de-
nied boarding, and missed connection events. The result supports contingency budget-
ing, schedule-robustness decisions, insurance analysis, and evaluation of disruption-
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prevention investments. In this expression, ps is the probability of disruption scenario
s, Ns is the number of eligible passengers, cs is compensation per passenger, as is as-
sistance cost, and rs is the expected cost of reimbursement or rerouting [1].

Regulation (EC) No. 261/2004 remains a central element of the European
passenger-rights framework. It establishes rules on compensation and assistance in
cases of denied boarding, cancellation and long delay. Its application has been ex-
tensively interpreted by the Court of Justice of the European Union. Reform proposals
have sought to clarify thresholds, extraordinary circumstances, rerouting and enforce-
ment; operators must therefore distinguish enacted law from proposals or negotiating
positions at any particular date [6].

Competition law complements passenger protection. It addresses collusion,
abuse of dominant position, merger effects and state aid. Airline alliances, code shar-
ing and joint ventures can provide network benefits, but they may also reduce competi-
tion on overlapping routes. Airport charges and slot allocation affect entry conditions.
Transparent and non-discriminatory access to essential infrastructure is particularly im-
portant where capacity is scarce [1].

The Herfindahl–Hirschman index describing market concentration on route r is
given by formula (22) [30]:

HHIr =
n∑

i=1

s2ir, (22)

Here, HHIr is the Herfindahl–Hirschman index for route r, i is an airline index, n is
the number of airlines, and sir is airline i's percentage market share on route r.

This index measures how concentrated airline capacity or traffic is on a route.
Each airline’s percentage share is squared and the squared shares are added. Squaring
gives greater influence to large airlines and makes the index rise when traffic is con-
trolled by fewer competitors. The same basis, such as seats, passengers, or frequencies,
must be used for every airline and period. The indicator supports competition analysis,
merger assessment, and monitoring of market entry or exit. In this expression, sir is
airline i’s market share expressed as a percentage. A change associated with a merger
or alliance is given by formula (23) [29]:

∆HHI = HHIpost −HHIpre. (23)

Here, ∆HHI is the change in market concentration, while HHIpost and HHIpre are
the post-transaction and pre-transaction index values.
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This difference measures how a transaction or structural change alters market
concentration. The pre-transaction index is subtracted from the post-transaction index
using the same route definition and market-share basis. A positive value indicates in-
creased concentration, while a negative value indicates a more dispersed market. The
magnitude must be interpreted together with the resulting absolute concentration level
and relevant competition rules. It is used to screen mergers, alliances, code-sharing
arrangements, and major capacity changes [1].

National law converts international obligations into enforceable rules and estab-
lishes the competent civil aviation authority. Typical functions include registration of
aircraft, certification of operators and aerodromes, licensing, approval of training and
maintenance organizations, safety oversight, enforcement and investigation arrange-
ments. Other public bodies remain responsible for border control, customs, public
health, competition, consumer protection and national security [10].

In Ukraine, the Air Code forms the legislative basis for the use of airspace and
civil aviation activity. It operates together with aviation rules, international treaties
binding on Ukraine and related legislation. The organization of passenger transport
must therefore account for operator certification, market authorization, safety and se-
curity rules, consumer obligations and the allocation of authority among public institu-
tions [4].

National implementation is not static. Rules must be updated when interna-
tional Standards change, technology develops or operational experience reveals a gap.
Approximation with regional frameworks may also require institutional and procedural
reform. Effective implementation needs consultation with operators and passengers,
impact assessment, realistic transition periods, inspector training and digital tools for
oversight [6].

For an airline or airport, compliance should be managed as a controlled cycle.
The organization identifies applicable requirements, assigns an owner, translates rules
into procedures, trains personnel, records performance, reports occurrences, audits im-
plementation and corrects nonconformities. Changes in law must be monitored cen-
trally and communicated before they affect operations. Contractors should be included
because outsourcing a process does not eliminate the certificate holder’s accountabil-
ity [29].

The composite priority score for corrective action j is given by for-
mula (24) [28]:

Pj = Sj OjDj Uj, (24)
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Here, Pj is the corrective-action priority score and j identifies the action; multiplication
means that a high value of any severity, occurrence, detection, or urgency component
raises priority.

This multiplicative score ranks corrective actions according to their operational
and legal importance. Each action is rated for severity, occurrence, detection difficulty,
and urgency using the same predefined scale. Multiplying the ratings highlights ac-
tions that are simultaneously serious, likely, difficult to detect, and time-critical. The
rating criteria must be documented to prevent inconsistent scoring between auditors or
departments. The result supports corrective-action sequencing, assignment of respon-
sible managers, and allocation of limited compliance resources. In this expression, Sj

is the severity of possible consequences,Oj is the likelihood of occurrence,Dj reflects
difficulty of detection before harm occurs, and Uj represents legal or time urgency.
Higher values indicate actions that should receive earlier managerial attention [4].

The regulatory framework is therefore not an external administrative burden
added to transportation. It is part of the architecture that allows passengers to cross
borders with a predictable level of safety, security and legal protection. Its effective-
ness depends on international harmonization, competent national implementation and
disciplined operational compliance [4].

1.3. Classification of passenger air services and forms of flight or-
ganization

Classification is required because the term passenger air service covers operations with
different markets, schedules, legal conditions, aircraft and production processes. A
useful classification should support a decision: the selection of a regulatory regime,
network structure, fleet, sales method, airport process or service standard. One flight
can belong to several categories simultaneously. For example, it may be international,
scheduled, short-haul, point-to-point, low-cost and seasonal [1].

The most fundamental distinction is between domestic and international car-
riage. Domestic carriage takes place between points within one state under its national
market and operational rules. International carriage includes an agreed stopping place
in another state and engages traffic rights, border formalities and international liability
rules. The commercial presentation of an itinerary is not always sufficient to determine
its legal character; the contract and agreed stopping places must be considered [11].
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A scheduled service is operated according to a published timetable or with a
regularity that makes it recognizably systematic. Seats are normally sold individually
to the public through the carrier’s distribution channels. Schedule stability, slot coor-
dination, minimum service levels and consumer expectations are therefore important.
Airlines plan scheduled networks for a season, then continuously adjust capacity, fre-
quency and prices as demand becomes clearer [18].

The coefficient of variation used to assess route schedule regularity is given by
formula (25) [8]:

CVh =
σh

h
, (25)

Here, CVh is the coefficient of variation of departure headways, σh is their standard
deviation, and h is their arithmetic mean.

This indicator measures the regularity of intervals between successive depar-
tures. The standard deviation of the headways is divided by their mean, producing a
dimensionless value. A low value indicates evenly distributed departures, while a high
value shows clustering or long gaps. The calculation should cover a representative ser-
vice period and exclude intervals created by airport closure unless they are part of nor-
mal operation. It is used to evaluate timetable convenience, connection opportunities,
and the temporal quality of route service. In this expression, h is the mean headway and
σh is its standard deviation. A value close to zero indicates an evenly spaced timetable.
The average offered daily capacity is given by formula (26) [8]:

Qd =
Fd∑
f=1

Sf , (26)

Here, Qd is daily offered seat capacity, Fd is the number of flights operated during the
day, f is a flight index, and Sf is seats offered on flight f .

This expression calculates the total number of seats offered on a route or at an
airport during one day. The seating capacity of every operated flight is added without
regard to whether the seats are sold. The result changes with frequency, aircraft type,
and configuration. Comparing it with daily passenger demand reveals expected spare
capacity and supports load-factor estimation. It is used in schedule planning, terminal-
flow forecasting, and analysis of competitive capacity. In this expression, Sf is the
number of seats offered by daily flight f [13].

Non-scheduled services are performed outside a regular published programme.
Charter carriage is the most common commercial form. A tour operator, company,

38



public institution, sports organization or other customer contracts for all or a substantial
part of the aircraft capacity. Seats may then be included in a package or distributed to
a defined group. Charter operations can respond efficiently to concentrated seasonal
demand, special events, workforce movement, evacuation or ad hoc travel [21].

The distinction affects risk allocation. In scheduled service, the airline generally
bears the demand risk for individual seats. In a full charter, the charterer commits to the
aircraft capacity under the charter contract, although the detailed allocation depends on
the agreement. Operational responsibility for safe conduct of the flight remains with
the licensed operator and cannot be transferred merely through commercial contract-
ing [24].

Charters may be inclusive-tour, affinity-group, single-entity or special-purpose
operations, depending on national terminology and the relationship between the char-
terer and passengers. Regulatory systems differ in how they authorize and supervise
these services. The planner must verify market access, consumer responsibility, fi-
nancial protection and documentation rather than relying only on the commercial label
“charter” [11].

Services are commonly classified as short-, medium- and long-haul. There is
no universal distance threshold because flight time, aircraft capability, crew rules and
regional practice differ. The classification is nevertheless operationally useful. Short-
haul flights have a high proportion of turnaround, climb and descent in the total cycle
and compete more directly with surface modes. Long-haul flights require greater fuel
planning, crew-rest arrangements, catering, baggage capacity and disruption recovery
resources [11].

Routes can also be described by their function in a network. A local route con-
nects an origin and destination primarily for direct demand. A feeder route brings pas-
sengers from a smaller market to a hub. A trunk route connects major centres with high
frequency or capacity. A regional service links communities within a defined area,
while an intercontinental service connects different continental markets. Thin routes
have limited demand and may require smaller aircraft or lower frequency; dense routes
can support several operators and differentiated schedules [13].

The origin–destination concept is essential. Flight-leg statistics count every
boarded passenger on each segment, whereas origin–destination statistics identify the
actual journey between the passenger’s starting point and final destination. A trans-
fer passenger contributes traffic to several legs but represents one journey. Network
planning based only on leg counts can therefore misinterpret the market [13].
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The relationship between origin–destination demand and leg traffic may be ex-
pressed as formula (27) [8]:

Pl =
n∑

o=1

n∑
d=1

aodlDod, (27)

Here, l identifies a physical flight leg, o and d identify origins and destinations, n is the
number of airports, and the double sum aggregates all origin–destination flows using
leg l.

This model converts origin–destination demand into traffic on individual flight
legs. For every origin and destination pair, demand is included only on the legs used by
the selected itinerary. Summing these assigned flows gives the passenger volume that
each physical leg must carry. The accuracy depends on itinerary choice, connection
rules, and the representation of competing routes. The calculation is used in network
planning, fleet assignment, hub analysis, and forecasting of transfer baggage and ter-
minal flows. In this expression, Pl is passenger traffic on flight leg l, Dod is demand
between origin o and destination d, and aodl equals one when itinerary od uses leg l and
zero otherwise. This expression permits transfer flows to be assigned correctly to the
physical segments of the network [24].

In a point-to-point network, flights are designed mainly for local demand be-
tween two airports. This structure reduces dependence on coordinated connections and
can simplify baggage and passenger handling. It is associated with many low-cost op-
erations, although full-service airlines also operate strong point-to-point routes. Its fea-
sibility depends on sufficient local demand to support the desired frequency and aircraft
size [24].

A hub-and-spoke network consolidates passengers from multiple origins at a
hub and redistributes them to multiple destinations. Ifm spoke airports are linked only
to the hub, the network requires approximatelym route links, while the number of links
required to connect every pair directly is given by formula (28) [8]:

N =
m(m− 1)

2
(28)

Here,N is the number of undirected links required to connect every pair of airports,m
is the number of airports, and division by two prevents each pair from being counted
twice.

This expression counts the direct links needed for a fully connected undirected
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network. The number of airports is multiplied by one less than itself because each air-
port could connect to all others, and the product is divided by two to remove duplicate
pairs. Network requirements grow approximately with the square of the number of air-
ports. Comparing this value with the number of hub links illustrates the consolidation
advantage of a hub-and-spoke structure. The formula is used in conceptual network
design and complexity analysis. links. Consolidation therefore allows service between
markets that could not support a nonstop flight. The airline coordinates arrivals and
departures in banks so that many connections are possible within an acceptable inter-
val [1].

The benefit is accompanied by complexity. A delay on an inbound flight can
affect many outbound connections. Baggage must be sorted accurately within limited
transfer time. Gates, security processes and passenger information face concentrated
peaks. The hub must balance connection quality against aircraft and terminal conges-
tion. Minimum connecting time is therefore both a commercial promise and an opera-
tional design parameter [21].

The feasibility condition for a planned connection between inbound flight i and
outbound flight j is given by formula (29) [8]:

tdepj − tarri ≥MCTij + bij, (29)

Here, tdepj is the scheduled departure time of outbound flight j, tarri is the scheduled
arrival time of inbound flight i, MCTij is their minimum connecting time, and bij is
the robustness buffer.

This inequality tests whether a passenger has enough scheduled time to make a
connection. The inbound arrival time is subtracted from the outbound departure time
and compared with minimum processing time plus a reliability buffer. The connec-
tion is feasible only when the available interval equals or exceeds the required inter-
val. Different values should be used for domestic, international, terminal-change, and
special-assistance connections. The test supports timetable construction, itinerary vali-
dation, baggage planning, and protection against recurrent missed connections. In this
expression,MCTij is the applicable minimum connecting time and bij is an additional
robustness buffer. The number of passengers using feasible protected connections can
be estimated as formula (30) [8]:

P conn =
∑
i

∑
j

xijpij, (30)
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Here, P conn is total feasible connecting demand, i and j index inbound and outbound
flights, pij is demand for connection i–j, and binary variable xij equals one only when
that connection is feasible.

This expression calculates the passenger volume associated with feasible pro-
tected connections. Demand for every inbound–outbound flight pair is multiplied by
a binary feasibility decision and the products are summed. Infeasible or unprotected
connections contribute zero to the result. The calculation can be repeated under dif-
ferent minimum times and buffers to examine the trade-off between connectivity and
reliability. It supports hub-bank design, gate planning, baggage-resource allocation,
and evaluation of schedule changes. In this expression, pij is connecting demand and
xij equals one for a feasible connection and zero otherwise [24].

Multi-hub and hybrid networks combine these principles. An airline group may
use several hubs for different geographical flows, while operating direct services in
dense markets. Network structure changes with demand, alliances, airspace constraints,
airport costs and fleet availability. It should be understood as a portfolio of route func-
tions rather than a rigid label [21].

For a network represented by adjacencymatrixA = [aij], the normalized degree
centrality of airport i is given by formula (31) [8]:

Cdeg
i =

∑n
j=1 aij

n− 1
. (31)

Here, Cdeg
i is normalized degree centrality of airport i, aij is one when airports i and j

are directly connected and zero otherwise, n is the number of airports, and n− 1 is the
maximum possible number of neighbours.

This indicatormeasures the proportion of all possible airports directly connected
to a selected airport. The number of observed direct neighbours is divided by the max-
imum possible number, which is one less than the network size. A value near one
indicates a broadly connected airport, while a low value describes a peripheral node.
The measure does not account for frequency or passenger volume, so it should be com-
bined with weighted connectivity indicators. It is used to compare network positions
and identify hubs, gateways, and regional endpoints. The share of passengers transfer-
ring at hub h is given by formula (32) [3]:

TSh =
P transfer
h

P total
h

× 100%. (32)
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Here, TSh is the transfer share at hub h, P transfer
h is the number of transfer passengers,

P total
h is total passengers handled, and 100% expresses the result in percent.

This percentage shows how strongly an airport depends on transfer traffic.
Transfer passengers are divided by all passengers handled at the hub and the ratio is
converted to percent. A high value indicates that coordinated connections and baggage
transfers are central to the airport’s function. Such airports are especially sensitive to
missed connections and disruption propagation. The indicator supports terminal de-
sign, schedule banking, minimum-connection policy, and planning of transfer desks
and baggage systems. Together, these indicators distinguish airports with many direct
links from airports whose function depends strongly on transfer flows [11].

Table 3: Comparison of principal network forms

Criterion Point-to-point Hub-and-spoke Hybrid or multi-hub

Primary demand Local origin–destination Combination of local and
transfer flows

Different flow types by
route

Main advantage Simple direct journey Connectivity and traffic
consolidation

Flexibility and market
coverage

Main vulnerability Insufficient demand on
thin routes

Propagation of delay
through connections

Greater planning and fleet
complexity

Schedule logic Market-preferred depar-
ture times

Coordinated arrival and
departure banks

Selective banking and di-
rect frequency

Baggage process Predominantly origin to
destination

High share of time-critical
transfers

Mixed local and transfer
handling

A full-service network carrier normally combines several cabin classes, con-
necting itineraries, interline cooperation, loyalty programmes and a broad range of in-
cluded or optional services. Its network is often organized around one or more hubs.
The product is differentiated by flexibility, schedule, lounge access, priority services
and through handling. The model requires sophisticated revenue management and co-
ordination across many passenger categories [23].

A low-cost carrier seeks a structurally low unit cost. Common features in-
clude high aircraft utilization, dense seating, simplified fleets, direct distribution, rapid
turnaround and unbundled services. However, the term does not define a single prod-
uct. Low-cost airlines may operate primary airports, connections, assigned seating or
long-haul flights. Classification should therefore be based on actual cost and process
characteristics rather than stereotypes [13].

An ultra-low-cost model extends unbundling and operational standardization,
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with the basic fare covering a narrowly defined transport service and a high share of
revenue generated by optional products. A leisure carrier aligns capacity with tourism
demand and may cooperate closely with tour operators. A regional airline uses air-
craft and schedules suited to smaller markets and may operate under its own brand or
a capacity-purchase agreement for a larger airline. A hybrid carrier combines elements
of several models [24].

For a given route, the break-even load factor can be calculated as for-
mula (33) [1]:

LFBE =
Cf

S y d
, (33)

Here, LFBE is the break-even load factor, Cf is total flight cost, S is offered seats, y is
revenue per passenger-kilometre, and d is route distance.

This indicator determines the passenger load needed for flight revenue to equal
flight cost. Total flight cost is divided by the maximum fare revenue obtainable from all
offered seat-kilometres. A lower value indicates that the route can cover cost with fewer
occupied seats. The calculation assumes a representative average yield and should be
repeated when fares, distance, aircraft type, or operating cost changes. It supports route-
launch decisions, pricing, capacity selection, and assessment of commercial sustain-
ability. In this expression, Cf is total flight cost, S is the number of seats, y is average
revenue per passenger-kilometre, and d is route distance. If ancillary revenue per pas-
senger is a, the expression is given by formula (34) [3]:

LFBE =
Cf

S(yd+ a)
. (34)

Here, LFBE is the break-even load factor after ancillary revenue is included and a is
average ancillary revenue per passenger; Cf , S, y, and d retain the meanings defined
above.

This modified indicator includes ancillary products in the break-even calcula-
tion. Fare revenue over the route and average ancillary revenue are added for each
carried passenger before comparison with total cost. Higher baggage, seat-selection,
catering, or other ancillary revenue lowers the load factor required to break even. The
ancillary value must be based on actual passenger purchasing behaviour rather than the
maximum possible charge. The measure is useful for comparing bundled and unbun-
dled business models and for evaluating changes in optional-service policy [18].

Business-model choice determines passenger expectations and operational de-
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sign. A service included in one fare may be optional in another. The decisive require-
ment is transparency before purchase and consistent delivery at the airport. Unbundling
can improve consumer choice and prevent all passengers from paying for services they
do not use, but excessive complexity can make meaningful comparison difficult [13].

A nonstop flight operates between two airports without an intermediate land-
ing. A direct flight may retain one flight number while making an intermediate stop,
possibly with a change of aircraft. A connecting itinerary requires the passenger to
transfer between flights. These terms should be used precisely in schedules and sales
information because they imply different journey times and risks [13].

Connections can be online, involving the same airline, or interline, involving
different airlines under arrangements that support ticketing, baggage transfer and set-
tlement. A self-connection is assembled by the passenger from separate contracts. It
may provide a lower price or additional route options, but through protection during dis-
ruption and baggage transfer may be absent. The passenger must understand whether
the itinerary is one protected journey or several independent journeys [11].

Code sharing allows one flight operated by an airline to be marketed under the
designator and flight number of another. It expands the apparent network and can sim-
plify booking. The operating carrier performs the flight and is central to operational
and many passenger-rights obligations, while the marketing carrier has sales and infor-
mation responsibilities. The identity of the operating carrier must be disclosed accu-
rately [21].

Interline agreements, alliances and joint ventures create deeper forms of coop-
eration. They may coordinate schedules, fares, loyalty benefits and revenue. Coopera-
tion improves connectivity and recovery options, but regulators evaluate its competitive
effects. Operationally, shared services require aligned data, ticketing, baggage, acces-
sibility and disruption procedures. A seamless commercial itinerary must be supported
by a seamless process, not merely a shared flight number [11].

Passengers may be classified by journey purpose, fare product, cabin class,
group status or special service requirement. Business and leisure are broad demand
categories with different price sensitivity and schedule preferences, although individ-
ual behaviour is more varied than the labels imply. Transfer passengers require con-
nection management; transit passengers continue through an intermediate point under
arrangements defined by the itinerary and local rules [24].

Cabin products commonly include economy, premium economy, business and
first class. Differences may include seat space, flexibility, baggage allowance, catering,
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priority and ground services. Cabin class is not identical to booking class. Booking
classes are inventory categories used for fare and revenue control, and several can exist
within one physical cabin [11].

The revenue of a multi-class cabin can be represented as formula (35) [8]:

R =
K∑
k=1

nkyk +Ra, (35)

Here, R is total cabin revenue, k is a booking-class index,K is the number of booking
classes, nk is passengers in class k, yk is average fare in that class, and Ra is ancillary
revenue.

This expression calculates total passenger-related cabin revenue across booking
classes. Passenger numbers are multiplied by the average fare in each class, the class
revenues are added, and ancillary revenue is included. The model shows how revenue
depends on both occupancy and the distribution of passengers among fare classes. Two
flights with the same load factor can therefore produce very different revenue. The
calculation supports inventory control, fare-class allocation, revenue forecasting, and
evaluation of cabin-product changes. In this expression, nk is the number of passengers
in booking class k, yk is the average fare of that class, andRa is ancillary revenue. The
cabin load factor is given by formula (36) [3]:

LFc =

∑K
k=1 nk
Sc

× 100%, (36)

Here, LFc is cabin load factor, k indexes booking classes, K is their number, nk is
passengers in class k, Sc is available cabin seats, and 100% converts the ratio to percent.

This percentage measures occupancy of the physical cabin across all booking
classes. Passenger counts from every class are added and divided by seats available for
sale. The result describes capacity use but does not reflect differences in fare or revenue
contribution. It should be calculated separately for cabins when economy, business, and
other products have different capacities and demand patterns. The indicator supports
overbooking control, cabin configuration, service provisioning, and operational report-
ing. In this expression, Sc is the number of installed seats available for sale [18].

Special handling categories include infants, children, unaccompanied minors,
passengers requiring mobility assistance, passengers with medical conditions, depor-
tees or inadmissible persons, groups and passengers carrying special baggage. Classi-
fication enables the correct process but should not become a substitute for individual
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assessment. Assistance information is sensitive personal data and should be accessible
only to personnel who need it for safe service delivery [23].

Services can be classified by aircraft capacity and propulsion category: regional
turboprop, regional jet, narrow-body jet and wide-body jet are common commercial
groupings. Fleet choice depends on range, payload, runway performance, demand, fre-
quency, airport compatibility, acquisition and operating cost. A larger aircraft reduces
unit cost only if demand supports acceptable utilization and load factor [18].

The required weekly flight frequency for directional demand Dw may be esti-
mated by formula (37) [3]:

Fw =

⌈
Dw

S LFt

⌉
, (37)

Here, Fw is required weekly frequency,Dw is weekly directional demand, S is aircraft
seating capacity,LFt is target load factor as a fraction, and ⌈·⌉ rounds upward to a whole
flight.

This calculation determines how many weekly flights are needed to carry fore-
cast directional demand. Effective passenger capacity per flight is obtained by multi-
plying aircraft seats by the target load factor, and demand is divided by that value. The
result is rounded upward because a fraction of a flight cannot be scheduled. A lower
target load factor increases frequency and creates more reserve, while a higher target
reduces frequency but increases disruption exposure. The formula supports prelimi-
nary schedule design and aircraft-size selection. The calculated frequency curves are
presented in Figure 4.
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Figure 4: Required weekly frequency for different aircraft capacities at a target load factor of 0.82.
Author’s calculation based on [18]
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In this expression, S is aircraft seating capacity and LFt is the target load factor
expressed as a fraction. Fleet assignment can be formulated as formula (38) [3]:

minZ =
R∑
r=1

A∑
a=1

Craxra, (38)

Here, Z is total assignment cost, r = 1, . . . , R indexes routes, a = 1, . . . , A indexes
aircraft types,Cra is the cost of assigning type a to route r, and xra is the corresponding
number of flights.

This objective function selects a fleet assignment with the lowest total operating
cost. For each route and aircraft type, unit assignment cost is multiplied by the number
of flights and all products are summed. The minimization must be subject to demand
coverage, aircraft availability, range, runway, maintenance, and schedule constraints.
Changing a constraint can alter the economically preferred aircraft even when its direct
flight cost is unchanged. The model supports seasonal fleet planning, aircraft swaps,
and evaluation of leasing requirements. subject to demand, range, airport and aircraft-
availability constraints, where xra is the number of flights by aircraft type a on route
r [18].

An airline may operate flights with its own aircraft and crew or obtain capacity
through leasing and commercial arrangements. In a dry lease, the aircraft is provided
without crew and is operated under the lessee’s operational system, subject to applicable
approvals. In a wet lease, aircraft, crew, maintenance and insurance are supplied by the
lessor, while the commercial use of capacity is arranged with the lessee. Code sharing,
franchising and capacity-purchase agreements create further combinations of brand,
sales and operation. Passengers must be told who actually operates the flight [24].

Average daily aircraft utilization is given by formula (39) [3]:

Ua =

∑F
f=1BHf

NaD
, (39)

Here, Ua is average daily utilization per available aircraft, F is the number of flights,
f is a flight index, BHf is block hours of flight f , Na is available aircraft, and D is
operating days.

This indicator measures how many block hours each available aircraft produces
per operating day. Block time from all flights is added and divided by the product of
fleet size and days. Higher utilization can reduce fixed cost per flight but leaves less
time for maintenance and recovery from delay. The calculation should exclude aircraft
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that are not contractually or technically available during the period. It supports fleet
sizing, rotation planning, leasing analysis, and comparison of operational productivity.
In this expression, BHf is the block time of flight f , Na is the number of available
aircraft, and D is the number of operating days. The technical availability coefficient
is given by formula (40) [3]:

Ka =
Hcalendar −Hmaintenance −Hfailure

Hcalendar
, (40)

Here,Ka is technical availability,Hcalendar is total calendar hours,Hmaintenance is hours
unavailable for planned maintenance, andHfailure is hours unavailable because of fail-
ures.

This coefficient measures the share of calendar time during which an aircraft
is technically available. Planned-maintenance and failure-related downtime are sub-
tracted from total calendar hours, and the remainder is divided by calendar hours. A
value near one indicates high availability, while a decline signals maintenance burden
or reliability problems. Consistent definitions are required for waiting time, spare-parts
delays, and administrative downtime. The coefficient supports maintenance planning,
spare-aircraft decisions, reliability programmes, and fleet-capacity forecasts. In this ex-
pression, unavailable hours due to planned maintenance and failures are deducted from
total calendar hours [21].

Regular operations are planned within a seasonal schedule. Additional sections
can be added when demand exceeds the capacity of a planned flight. Positioning flights
move an aircraft without normal revenue passengers to the location required for its next
task. Ferry and test flights have technical purposes. Thesemovements consume aircraft,
crew, slots and fuel and must be included in production planning even though they do
not directly generate passenger revenue [18].

Classification therefore connects market design with operational responsibility.
It enables planners to select the appropriate network, aircraft, schedule, contract and
passenger process. Because contemporary airlines combine categories, analysis should
identify the characteristics of the particular service instead of assigning it a single per-
manent label [13].
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1.4. Current trends and directions in the development of passenger
air transport

Passenger aviation develops under the simultaneous influence of demand, technology,
regulation, energy policy and geopolitical conditions. The recovery of global traffic
after the COVID-19 shock demonstrated both the strength of mobility demand and the
vulnerability of tightly connected networks. By the middle of the 2020s, development
is no longer described adequately as a return to previous practice. Airlines and airports
are redesigning processes around digital identity, operational resilience, environmental
constraints and more selective investment [26].

The direction of development differs by market. Mature regions seek to manage
congestion, renew fleets and decarbonize operations, while rapidly growing regions re-
quire new capacity and skilled personnel. Some communities depend on restoring basic
connectivity. Airspace closures and longer routings affect fleet productivity and cost
in certain corridors. The common challenge is to expand useful connectivity without
weakening safety, affordability or environmental responsibility [7].

Long-term demand is supported by population, income, urbanization, tourism,
migration and international business. Growth is not uniform. It is concentrated in
metropolitan regions and expanding middle-income markets, while remote and low-
density routes may remain commercially fragile. Forecasts should therefore be disag-
gregated by origin–destination pair, purpose, season and passenger segment [7].

Under a constant average growth assumption, passenger demand after t periods
is given by formula (41) [18]:

Dt = D0(1 + g)t, (41)

Here,Dt is demand after t periods,D0 is base-period demand, g is average growth per
period, and t is the number of compounding periods.

This compound-growth model projects passenger demand from a known base
value. The base demand is multiplied by one plus the periodic growth rate raised to
the number of periods. Positive growth produces an accelerating trajectory, while a
negative rate represents contraction. The model assumes the same proportional growth
in every period and therefore should be supplemented by scenarios when market con-
ditions are uncertain. It is used for long-term fleet, airport-capacity, and workforce
planning. In this expression, D0 is base-period demand and g is the average growth
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rate. When initial and final demand are known, the compound annual growth rate is
given by formula (42) [21]:

g =

(
Dt

D0

)1/t

− 1. (42)

Here, g is compound average growth per period, Dt is final demand, D0 is initial de-
mand, t is the number of periods, and the exponent 1/t takes the corresponding geo-
metric root.

This calculation derives the constant compound rate connecting initial and final
demand. Final demand is divided by initial demand, the geometric root correspond-
ing to the number of periods is taken, and one is subtracted. The result is an average
rate and does not reproduce fluctuations within the interval. Both demand observations
must use the same traffic definition and geographical scope. The rate supports histor-
ical trend comparison, benchmarking of markets, and preparation of baseline forecast
scenarios. For short-term updating, the exponential smoothing expression is given by
formula (43) [21]:

D̂t+1 = αDt + (1− α)D̂t, 0 < α < 1. (43)

Here, D̂t+1 is the forecast for the next period, Dt is observed demand in the current
period, D̂t is the current forecast, and α is the smoothing coefficient between zero and
one.

This forecasting method updates the next-period estimate using the latest ob-
servation and the previous forecast. The smoothing coefficient determines how much
weight is assigned to new information. A high value reacts quickly to changes but
produces a more variable forecast, while a low value gives a smoother but slower re-
sponse. The coefficient can be selected by minimizing forecast error on historical data.
The method is useful for short-term passenger, baggage, staffing, and resource forecasts
when strong seasonality has been treated separately [7]. Alternative long-term demand
trajectories are compared in Figure 5.
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Figure 5: Illustrative scenarios of passenger-demand development for 2026–2040. Author’s scenario
calculation based on [21]

Passengers increasingly expect continuous control over the journey through a
mobile device. They compare total price, receive notifications, store documents, select
seats, purchase baggage and seek alternatives during disruption. At the same time, re-
liance on digital channels can exclude passengers without suitable devices, connectivity
or confidence. Development should preserve accessible human assistance and provide
equivalent information through more than one channel [12].

Flexibility has become a product attribute. Travellers pay closer attention to
change conditions, refund time, health or entry requirements and the reliability of con-
nections. Corporate travel policies combine cost, time, emissions and remote-meeting
alternatives. Leisure demand is more willing to use secondary destinations and travel
outside traditional seasons when price incentives are strong [25].

Digitalization is moving from isolated self-service machines toward an inte-
grated passenger identity and order-management environment. Online and mobile
check-in, electronic boarding passes, self-service bag drop, automated border gates and
real-time notifications are already established at many airports. The next development
stage connects these processes so that passengers do not repeatedly present the same
information [7].

A composite digital-maturity index can be calculated as formula (44) [9]:

DMI =

∑m
j=1wjdj∑m
j=1wj

, 0 ≤ dj ≤ 1, (44)
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Here,DMI is the digital-maturity index, j identifies a digital capability,m is the num-
ber of capabilities, dj is maturity on a zero-to-one scale, andwj is its importance weight.

This index summarizes the maturity of several digital capabilities in one nor-
malized value. Every capability is scored, multiplied by its importance weight, and in-
cluded in the weighted average. A high value indicates broad digital development, but
the component scores remain necessary for identifying specific weaknesses. The scor-
ing scale should cover technology, data quality, integration, governance, cybersecurity,
and user adoption. The result supports digital roadmaps, investment prioritization, and
comparison of airports or airlines. In this expression, dj is the maturity level of dig-
ital capability j and wj is its operational significance. The share of passengers using
automated processing is given by formula (45) [9]:

Kauto =
Pauto

Ptotal
× 100%. (45)

Here, Kauto is the automated-processing share, Pauto is passengers using automated
channels, Ptotal is all processed passengers, and 100% expresses the share in percent.

This percentage measures passenger adoption of automated service channels.
The number of passengers using automated processing is divided by all processed pas-
sengers. Growth in the value may indicate successful digitalization, but it can also
reflect reduced availability of staffed alternatives. The indicator should therefore be
analysed together with completion rate, error rate, accessibility, and passenger satisfac-
tion. It supports planning of kiosks, bag drops, gates, staff assistance, and communica-
tion campaigns. If average manual and automated processing times are tm and ta, total
time saved is given by formula (46) [17]:

∆T = Pauto(tm − ta). (46)

Here, ∆T is aggregate processing time saved, Pauto is the number of automated trans-
actions, tm is average manual-processing time, and ta is average automated-processing
time.

This expression estimates the total processing time saved by automation. The
time difference between manual and automated processing is multiplied by the number
of automated transactions. A positive result indicates a reduction in total passenger-
processing time, while a negative result signals that the automated process is slower.
Measurements should include failed transactions and the staff time required to resolve
exceptions. The result supports business cases for automation, capacity estimation, and
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evaluation of process redesign [19].
Biometric identification can associate a passenger with a verified travel doc-

ument and use facial comparison at selected checkpoints. Potential benefits include
shorter transaction time and reduced document handling. However, biometric data are
highly sensitive. A lawful deployment requires purpose limitation, informed commu-
nication, security, retention controls, accuracy testing, procedures for mismatches and
a non-biometric alternative. Efficiency cannot be treated as automatic authorization for
unlimited data collection [4].

Airline retailing is shifting from legacy records and message exchanges toward
modern offer and order concepts. The objective is a consistent digital record of the cus-
tomer’s purchase and fulfilment status. Implementation must address interoperability
with airports, border authorities, travel sellers, payment providers and partner airlines.
During transition, old and new systems coexist, creating reconciliation risks that must
be managed [9].

Artificial intelligence is being applied to demand forecasting, disruption predic-
tion, customer communication, turnaround monitoring, baggage analysis and resource
allocation. Its value depends on the quality and representativeness of data. Decisions
affecting price, accessibility, security or passenger rights require governance, explain-
ability appropriate to the risk, human review and monitoring for bias. An automated
recommendation remains part of the organization’s accountable decision process [15].

The mean absolute percentage error used to monitor forecast quality is given by
formula (47) [9]:

MAPE =
100%
n

n∑
t=1

∣∣∣∣∣Dt − D̂t

Dt

∣∣∣∣∣ , (47)

Here,MAPE is mean absolute percentage error, t is an observation-period index, n is
the number of periods,Dt is actual demand, and D̂t is predicted demand.

This percentage measures the average relative size of forecast errors. For each
period, the absolute difference between actual and predicted demand is divided by ac-
tual demand, and the period values are averaged. Lower values indicate more accurate
forecasts. The measure can become unstable when actual demand is zero or very small,
so alternative errors should be used in such cases. It supports model selection, param-
eter tuning, and monitoring of forecasting performance. In this expression, Dt and D̂t

are actual and predicted demand. For classification systems, precision and recall are
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given by formula (48) [9]:

Precision =
TP

TP + FP
, Recall =

TP

TP + FN
, (48)

Here, Precision is the fraction of predicted positives that are correct, Recall is the
fraction of actual positives detected, TP is true positives, FP is false positives, and
FN is false negatives.

These indicators evaluate the quality of a binary prediction or detection sys-
tem. Precision measures how many positive alerts are correct, whereas recall measures
how many actual positive cases are detected. Increasing one measure can reduce the
other when the decision threshold changes. The preferred balance depends on whether
false alarms or missed events create greater operational cost. The indicators support
evaluation of baggage-risk models, disruption alerts, security screening, and predictive-
maintenance systems. In this expression, TP , FP and FN denote true positives, false
positives and false negatives [12].

Table 4: Development priorities and associated management requirements

Direction Expected benefit Required control

Integrated digital
identity

Faster and more convenient processing Privacy, cybersecurity, accuracy and
alternative channels

Data-driven operations Earlier prediction and better resource
allocation

Data quality, governance and human
accountability

Fleet renewal Lower fuel use, emissions and mainte-
nance burden

Capital planning, training and infras-
tructure compatibility

Sustainable aviation
fuel

Reduction of life-cycle carbon intensity Verified sustainability, supply expan-
sion and cost management

Intermodal integration Better door-to-door connectivity Timetable, ticketing, baggage and dis-
ruption coordination

Resilience programmes Faster recovery from irregular opera-
tions

Scenario planning, reserves, communi-
cation and joint exercises

Airports, airlines, ground handlers and air navigation providers cannot opti-
mize performance independently. A late aircraft, unavailable stand, baggage-system
failure or airspace restriction changes the plan for several participants. Collaborative
decision-making creates a common operational picture and agreed milestones for ar-
rival, turnaround and departure. Shared estimates allow resources and slots to be ad-
justed before the disturbance becomes critical [7].

The aircraft turnaround is becoming more visible through sensors, mobile ap-
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plications and event data. Fuelling, catering, cleaning, boarding, baggage loading and
technical actions can be monitored against the plan. The purpose is not simply to pres-
sure each activity to work faster. It is to identify dependencies, protect safety barriers
and intervene where delay threatens the critical path [7].

If turnaround activities are represented as a precedence network, the total
turnaround time determined by the critical path is given by formula (49) [14]:

Tturn = max
p∈P

∑
i∈p

ti, (49)

Here, Tturn is total turnaround duration, P is the set of feasible precedence paths, p is
one path, i is an activity on that path, ti is its duration, and max selects the longest
path.

This expression determines turnaround duration from the longest dependent se-
quence of ground activities. Durations are added along every feasible precedence path,
and the maximum path total is selected. Activities on this critical path directly affect de-
parture time because they have no usable time reserve. Reducing a non-critical activity
may not shorten the turnaround unless it becomes part of the critical path. The calcula-
tion supports turnaround scheduling, real-time milestone control, delay prevention, and
allocation of ground-handling resources. In this expression, P is the set of feasible ac-
tivity paths and ti is the duration of activity i. The time reserve of a non-critical activity
is given by formula (50) [14]:

Si = LSi − ESi, (50)

Here, Si is time reserve or slack for activity i, LSi is its latest permissible start, and
ESi is its earliest permissible start.

This value measures how long a non-critical activity may be delayed without
affecting the planned completion time. The earliest permissible start is subtracted from
the latest permissible start. Zero slack identifies a critical activity, while a positive value
provides operational flexibility. Slack should be recalculated when an earlier task is
delayed or when the departure target changes. The measure helps dispatchers decide
which activities require immediate intervention and where resources can be temporarily
reassigned. In this expression, LSi and ESi are its latest and earliest permissible start
times [25].

Predictive operations use weather, traffic flow, maintenance, crew, passenger
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and airport data to estimate disruption. A useful prediction must lead to an operational
choice: holding a connection, swapping an aircraft, changing a gate, rebooking pas-
sengers or adding staff. Decision support should display uncertainty, because a false
impression of precision can produce unstable interventions [12].

The future network control centre integrates operations control, crew control,
maintenance control and customer recovery. Passenger consequences are evaluated
alongside aircraft recovery. Cancelling one flight may restore the timetable but leave
passengers stranded where accommodation or alternatives are limited. A balanced re-
covery objective includes completion, delay, downstream disruption, passenger value,
special needs, baggage and legal obligations [25].

Recent crises have emphasized resilience: the ability to prepare for, absorb,
recover from and adapt to disturbance. Aviation faces severe weather, epidemics, con-
flict, airspace closure, cyber incidents, infrastructure failure, supplier interruption and
sudden demand change. Traditional efficiency programmes often reduce spare aircraft,
staffing and time buffers. Resilience requires identifying where reserve capacity has
greater value than its apparent idle cost [12].

Business-continuity plans should specify critical functions, dependencies, al-
ternative facilities, minimum staffing, communication and recovery priorities. Plans
must be tested through exercises involving all relevant organizations. Contact lists and
procedures that are not rehearsed are unlikely to perform well under pressure. Lessons
from real events should lead to controlled changes in training, contracts and system
architecture [26].

The resilience index combining the retained level of service and recovery speed
is given by formula (51) [14]:

RI =
1

Tr

∫ Tr

0

Q(t)

Q0
dt, (51)

Here, RI is the resilience index, Q0 is normal capacity, Q(t) is capacity at time t after
disruption, Tr is recovery duration, dt is the integration increment, and the integral
measures normalized service retained during recovery.

This index measures both the depth of service loss and the speed of recovery
after disruption. Available capacity is expressed as a fraction of normal capacity and
integrated over the recovery interval. Dividing by recovery time produces the average
proportion of service retained. A value close to one indicates limited degradation or
rapid restoration, while a low value indicates severe or prolonged loss. The index sup-
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ports comparison of contingency plans, reserve strategies, infrastructure alternatives,
and recovery performance after real incidents. In this expression, Q0 is normal service
capacity, Q(t) is capacity available after disruption, and Tr is the time required to re-
store the target operating state. A larger value indicates a smaller loss of service and
faster recovery [12].

Passenger communication is a resilience resource. Accurate early information
reduces unnecessary queues and allows travellers to make decisions. Messages should
state what is known, what remains uncertain, when the next update will be issued and
what options are available. Consistency across application, website, airport display,
call centre and staff is essential. Silence or contradictory instructions transforms an
operational disturbance into a loss of trust [15].

Environmental policy is a defining long-term driver. The principal climate ef-
fect of current passenger aviation arises from fuel combustion, together with non-carbon
effects at altitude. Development therefore requires action on technology, fuel, opera-
tions, infrastructure and demand. No single measure is sufficient [5].

Fleet renewal provides immediate efficiency gains because newer aircraft and
engines generally use less fuel per seat-kilometre under comparable conditions. Ben-
efits depend on seating, load factor, mission length and actual operation. Operational
measures include improved flight planning, reduced unnecessary weight, efficient taxi-
ing, continuous climb and descent where possible, and better airspace routing. These
measures are valuable but cannot alone offset unrestricted long-term traffic growth [7].

Fuel efficiency and carbon intensity per passenger-kilometre can be calculated
as formula (52) [25]:

FE =
F

P d
,

EICO2
=
F kCO2

P d
,

(52)

Here, FE is fuel use per passenger-kilometre, EICO2
is carbon-dioxide intensity per

passenger-kilometre, F is fuel consumed, P is passengers, d is distance, and kCO2
is

emitted carbon dioxide per fuel unit.
These indicators measure fuel use and carbon-dioxide emissions per passenger-

kilometre. Fuel consumed is divided by passenger traffic performed, while emissions
additionally include the fuel-specific carbon factor. Higher load factor, lower fuel burn,
or longer efficient cruise can reduce the values. Comparisons must use consistent treat-
ment of freight payload, diversion fuel, taxi fuel, and route distance. The indicators
support aircraft comparison, environmental reporting, route analysis, and assessment
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of operational fuel-saving measures. In this expression, F is fuel consumed, P is the
number of passengers, d is flight distance, and kCO2

is the carbon-dioxide emission
factor. For a fuel portfolio, life-cycle emissions are given by formula (53) [25]:

ELC =
m∑
j=1

Fjej, (53)

Here, ELC is total life-cycle emissions, j identifies a fuel pathway,m is the number of
pathways, Fj is fuel quantity from pathway j, and ej is its life-cycle emission factor.

This expression calculates total life-cycle emissions from a portfolio of fuel
pathways. The quantity of each fuel is multiplied by its verified life-cycle emission
factor and the products are summed. A pathway with low direct combustion emissions
can still have a significant value when production, transport, or land-use effects are
included. Fuel quantities and factors must use compatible energy or mass units. The
result supports emissions inventories, sustainable-fuel procurement, regulatory report-
ing, and comparison of supply scenarios. In this expression, Fj is the quantity of fuel
pathway j and ej is its verified life-cycle emission factor [5].

Sustainable aviation fuels can be used in existing aircraft within approved spec-
ifications and offer a pathway to lower life-cycle carbon intensity. Their contribution
depends on feedstock, production energy, land-use effects, certification, logistics and
additionality. Supply remains limited relative to global jet-fuel demand, and cost is
higher than conventional fuel in many markets. Policy must encourage scale while
applying credible sustainability criteria and avoiding double counting [25].

For a blend containing a sustainable fuel share x, the weighted life-cycle emis-
sion factor is given by formula (54) [5]:

eblend = (1− x)econv + xesaf . (54)

Here, eblend is the blended fuel life-cycle emission factor, x is the sustainable-fuel frac-
tion, 1 − x is the conventional-fuel fraction, econv is the conventional factor, and esaf
is the sustainable-fuel factor.

This relationship calculates the life-cycle emission factor of a conventional and
sustainable fuel blend. Each component factor is multiplied by its share in the blend
and the weighted values are added. Increasing the sustainable share lowers the result
only when its verified factor is below the conventional factor. The shares must refer
to the same energy or mass basis used by the emission factors. The calculation sup-
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ports fuel-blending policy, emissions forecasting, and verification of claimed environ-
mental benefits. The relative reduction compared with conventional fuel is given by
formula (55) [5]:

RRCO2
=

(
1− eblend

econv

)
100%. (55)

Here, RRCO2
is the relative carbon-dioxide reduction in percent, eblend is the blend

emission factor, econv is the conventional-fuel factor, and 100% converts the fractional
reduction to percent.

This percentage expresses the emission reduction achieved by a fuel blend rel-
ative to conventional fuel. The blend factor is divided by the conventional factor, the
ratio is subtracted from one, and the result is converted to percent. A positive value in-
dicates lower life-cycle emissions, zero indicates no improvement, and a negative value
indicates a worse result. The comparison must use the same system boundary and cal-
culation methodology for both factors. It supports reporting of sustainable-fuel perfor-
mance and comparison of alternative blend shares. The influence of the sustainable-fuel
share is visualized in Figure 6.

0 10 20 30 40 50 60 70 80 90 100
0

20

40

60

80

100

Sustainable aviation fuel share, %

In
de
x
or
re
du
ct
io
n,
%

Life-cycle emission index Relative reduction

Figure 6: Illustrative effect of sustainable aviation fuel share on life-cycle emissions. Author’s calcu-
lation based on [25]

The marginal abatement cost is given by formula (56) [5]:

MAC =
Csaf − Cconv

Econv − Eblend
, (56)

Here, MAC is marginal abatement cost, Csaf and Cconv are sustainable and conven-
tional fuel costs, and Econv and Eblend are their corresponding life-cycle emissions.
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This indicator calculates the additional cost required to avoid one unit of life-
cycle emissions. The cost difference between sustainable and conventional fuel is di-
vided by the corresponding reduction in emissions. A lower positive value means that
emissions are avoided at a lower incremental cost. A negative value can occur when
the cleaner option is also cheaper, while a zero emission difference makes the indicator
undefined. The measure supports comparison of decarbonization options, subsidy de-
sign, procurement, and investment prioritization. In this expression, the numerator is
the additional fuel cost and the denominator is avoided life-cycle emissions [25].

Hydrogen, battery-electric and hybrid-electric propulsion are being researched
for particular missions. Battery energy density restricts near-term application mainly to
smaller aircraft and shorter ranges. Hydrogen can be used in fuel cells or combustion but
requires new aircraft design, storage, airport infrastructure and low-carbon production.
These technologies should be assessed by complete life-cycle and system requirements
rather than by in-flight emissions alone [26].

Noise and local air quality remain important around airports. Quieter aircraft,
operating procedures, restrictions and land-use planning form a balanced approach.
Community engagement should provide understandable information and a meaningful
process for considering distributional effects. An average reduction does not necessar-
ily protect the neighbourhoods experiencing concentrated exposure [26].

Future traffic cannot be accommodated by runway construction alone. Capacity
development includes terminal processes, stands, baggage systems, airspace, surface
access, digital infrastructure and staffing. Before expanding physical infrastructure,
operators can improve utilization through schedule coordination, common-use systems,
automation and more accurate demand forecasts. Expansion remains necessary in some
markets, but it should be based on robust scenarios rather than a single growth projec-
tion [2].

The net present value used to evaluate the economic feasibility of a digital or
infrastructure project is given by formula (57) [5]:

NPV = −I0 +
T∑
t=1

Bt − Ct

(1 + r)t
, (57)

Here,NPV is net present value, I0 is initial investment, t is a period index, T is project
life, Bt is period benefit, Ct is period cost, and r is the discount rate.

This calculation converts future project benefits and costs into a present mon-
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etary value. Initial investment is deducted immediately, while each future net benefit
is discounted according to its period and the selected rate. A positive result indicates
that discounted benefits exceed discounted costs under the stated assumptions. The out-
come is sensitive to project life, demand, operating savings, residual value, and discount
rate, so scenario analysis is required. The indicator supports investment decisions for
terminals, equipment, information systems, and passenger-processing technologies. In
this expression, I0 is initial investment, Bt and Ct are benefits and operating costs in
period t, and r is the discount rate. Under the conventional financial criterion, a project
is acceptable when NPV > 0, although safety and social effects may require broader
appraisal [4].

Airport design is becomingmodular and adaptable. Passenger processes change
faster than major buildings can be replaced. Flexible spaces, common-use equipment
and scalable baggage systems allow terminals to respond to airline changes and new
control technologies. Climate adaptation must be included because heat, flooding,
storms and sea-level effects can threaten infrastructure and operations [2].

The capacity reserve of terminal subsystem k is given by formula (58) [17]:

Rk = Qk − λk, (58)

Here,Rk is absolute capacity reserve of subsystem k,Qk is its sustainable capacity, and
λk is forecast demand in the same unit and time interval.

This value measures the absolute difference between available capacity and
forecast demand in a subsystem. Capacity and demand must be expressed in the same
unit and peak interval before subtraction. A positive value represents reserve, zero indi-
cates full planned utilization, and a negative value indicates insufficient capacity. The
calculation should be repeated for alternative schedules, staffing levels, and disruption
scenarios. It supports bottleneck identification, resource planning, and timing of capac-
ity expansion. In this expression, Qk is sustainable hourly capacity and λk is forecast
peak demand. The relative reserve coefficient is given by formula (59) [17]:

KR,k =
Qk − λk
Qk

× 100%. (59)

Here,KR,k is relative reserve of subsystem k,Qk is sustainable capacity, λk is forecast
demand, and 100% expresses reserve as a percentage of capacity.

This percentage expresses capacity reserve relative to the subsystem’s sustain-
able capacity. Absolute reserve is divided by capacity and converted to percent. The
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normalized form allows comparison of subsystems with different physical scales and
units. A small positive value indicates limited ability to absorb variability, while a
negative result signals overload. The indicator supports service-level design, resilience
planning, and selection of reserve targets for check-in, security, border control, gates,
and baggage systems. For a modular expansion with modules of capacity qm, the re-
quired number of additional modules is given by formula (60) [17]:

nm =

⌈
λfuture −Qcurrent

qm

⌉
. (60)

Here, nm is additional modules required, λfuture is forecast future demand, Qcurrent is
current capacity, qm is capacity per module, and ⌈·⌉ rounds upward.

This calculation determines the whole number of capacity modules required to
meet future demand. Current capacity is subtracted from forecast demand, the deficit
is divided by the capacity of one module, and the result is rounded upward. Rounding
upward ensures that the installed capacity is not below the forecast requirement. If
current capacity already exceeds demand, the operational interpretation should set the
required addition to zero. The expression supports phased terminal expansion, purchase
of processing equipment, and planning of modular baggage or gate facilities [5].

Integration with rail and urban transport improves accessibility and can replace
inefficient short surface journeys. Effective integration requires more than physical
proximity. Timetables, wayfinding, ticketing, minimum connection times, passenger
information and disruption responsibility must be coordinated. Through baggage be-
tween rail and air is operationally complex but canmaterially improve the product where
volumes justify it [15].

Technology changes work but does not remove the need for competent person-
nel. Growth and retirement create demand for pilots, technicians, air traffic personnel,
ground handlers, security staff, data specialists and managers. Training capacity must
expand without reducing standards. Competency-based training, simulation and recur-
rent assessment help connect qualifications with actual operational performance [4].

The personnel requirement for activity j can be estimated as formula (61) [17]:

Nj =

⌈
Wj

HjKprod

⌉
, (61)

Here, Nj is employees required for activity j,Wj is its workload in staff-hours, Hj is
available hours per employee,Kprod is productive-time share, and ⌈·⌉ rounds upward.
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This expression estimates the minimum whole number of employees required
for an activity. Total workload is divided by the productive time available from one em-
ployee and the result is rounded upward. The productive-time coefficient accounts for
breaks, administration, training, and other non-processing time. Separate calculations
should be made by qualification, shift, and traffic peak because staff are not always
interchangeable. The formula supports roster design, recruitment planning, contrac-
tor requirements, and evaluation of automation effects. In this expression, Wj is total
workload in staff-hours, Hj is available working time per employee, and Kprod is the
productive-time coefficient. The annual training demand is given by formula (62) [17]:

Ntrain = Ngrowth +Nreplacement +Nrecurrent, (62)

Here, Ntrain is total annual training demand, Ngrowth is training for expansion,
Nreplacement is training to replace departing personnel, and Nrecurrent is recurrent qual-
ification training.

This identity calculates total annual training demand from three sources. Train-
ing required for organizational growth, replacement of departing staff, and recurrent
qualification is added. Each component should be estimated separately because it has
different timing, course content, and instructor requirements. A rise in turnover in-
creases replacement demand even when the organization is not expanding. The calcu-
lation supports training-centre capacity, instructor staffing, simulator scheduling, and
annual personnel budgets. which combines expansion, staff replacement and recurrent
qualification requirements [2].

Automation shifts tasks from routine transaction processing toward exception
management. Staff must understand the system, recognize when its output is unreli-
able and take control during failure. Human factors are therefore more important, not
less. Interfaces, workload, fatigue, communication and organizational culture deter-
mine whether technology supports or undermines performance [9].

The strategic development of passenger air transport can be summarized through
five linked priorities: safe capacity, passenger-centred digitalization, environmental
transformation, operational resilience and international interoperability. Progress in
one area must not create unacceptable risk in another. For example, automation should
not exclude passengers; capacity growth should not exceed infrastructure or environ-
mental limits; and cost reduction should not remove essential recovery resources [2].

Planning should use scenarios rather than a single forecast. Variables include
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economic growth, fuel and carbon prices, technology maturity, regulation, airspace
availability and passenger preferences. Each scenario should identify trigger points
for fleet, infrastructure and workforce decisions. This approach reduces the risk of
committing all resources to assumptions that may not materialize [2].

If scenario s has probability ps and produces outcome Vs(x) for decision x, an
expected-value criterion is given by formula (63) [27]:

max
x

EV (x) =
S∑

s=1

psVs(x),
S∑

s=1

ps = 1. (63)

Here, x is the decision, EV (x) is its expected value, s is a scenario index, S is the
number of scenarios, ps is scenario probability, Vs(x) is the outcome under scenario s,
and the probabilities sum to one.

This criterion calculates the probability-weighted outcome of a decision across
several scenarios. The outcome in each scenario is multiplied by that scenario’s proba-
bility and all weighted values are added. Probabilities must be mutually consistent and
sum to one. The criterion favours the decision with the highest average outcome but
does not independently penalize variability or severe downside cases. It supports fleet,
infrastructure, technology, and network choices when scenarios and their probabilities
can be reasonably estimated. For risk-averse planning, the criterion including a penalty
for variability is given by formula (64) [27]:

U(x) = EV (x)− λ

√√√√ S∑
s=1

ps [Vs(x)− EV (x)]2, (64)

Here, U(x) is the risk-adjusted utility of decision x, EV (x) is expected value, λ is risk
aversion, s and S index scenarios, ps is scenario probability, and the square-root term
is outcome standard deviation.

This criterion adjusts expected outcome for uncertainty by subtracting a vari-
ability penalty. Scenario dispersion is calculated as a probability-weighted standard
deviation and multiplied by the risk-aversion coefficient. A larger coefficient gives
greater preference to stable decisions and a smaller coefficient places more emphasis
on average outcome. The decision maker should test several coefficient values because
risk preference is not directly observable. The criterion supports robust planning where
high-return alternatives may also create unacceptable operational or financial volatility.
In this expression, λ is the decision maker’s risk-aversion coefficient [2].
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Finally, development should be measured by useful and reliable connectivity,
not only by passenger totals. A mature system delivers safe journeys, understandable
conditions, accessible service, predictable recovery and progressively lower environ-
mental impact. The direction of passenger aviation is therefore toward an integrated
mobility service in which physical flight, digital information, legal protection and co-
ordinated ground processes are designed as one system [2].
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CHAPTER 2

PARTICIPANTS AND INFRASTRUCTURE OF PASSENGER AIR
TRANSPORT

Passenger air transportation is produced by a network of organizations rather
than by an airline acting alone. Airlines, airports, ground handling companies, air navi-
gation service providers, public authorities, security organizations, concessionaires and
surface transport operators contribute separate resources and decisions to one passen-
ger journey. Their activities are technologically interdependent, while their legal status,
commercial objectives and planning horizons differ. Effective organization therefore
requires clear allocation of functions, continuous information exchange and procedures
for resolving conflicts between local efficiency and system-wide performance [46].

Airport infrastructure provides the physical environment in which these interac-
tions occur. Runways, taxiways, aprons, stands, passenger terminals, baggage systems,
access roads, utilities and information networks form a single production complex. A
capacity increase in one element is useful only when connected elements can process
the resulting flow. Terminal design must reflect passenger categories, border-control
requirements, security rules, aircraft mix, baggage technology, transfer patterns and
demand variability [56].

The preparation and operation of a flight links strategic planning with minute-
by-minute control. Long-term decisions determine fleet, terminal configuration, con-
tracts and staffing, whereas day-of-operation control coordinates gates, crews, fuel,
catering, cleaning, boarding, baggage and air traffic restrictions. Delayed or inaccurate
information can convert a local deviation into missed connections, baggage failures and
disruption of later aircraft rotations [52].

Ground handling is the operational interface between aircraft, airport and pas-
senger service. It includes arrival servicing, passenger stairs or bridges, unloading and
loading, cleaning, catering, water and lavatory service, fuelling coordination, push-
back and departure preparation. These processes must be completed within a limited
turnaround interval and under strict safety constraints [48].

Airport performance cannot be assessed by passenger volume alone. Through-
put, queue time, punctuality, service quality, safety, resource productivity, environ-
mental impact and resilience describe different dimensions of the result. A balanced
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evaluation combines technical capacity with passenger experience and recognizes that
high utilization can reduce the ability to recover from disturbance [43].

The passenger journey provides a practical basis for integrating the work of
all participants. From access to the airport and check-in to security control, boarding,
flight, arrival and baggage reclaim, each successive operation depends on the comple-
tion and quality of the preceding one. A failure at an early stage can create queues,
missed departure milestones or additional workload in later stages. For this reason, in-
frastructure and services should be planned as an end-to-end chain rather than as isolated
facilities. Process ownership must remain clear at every transfer point, while common
operational information must be available to the organizations responsible for the next
stage [36, 43].

The capacity of an airport is consequently determined by the weakest element
of the technological chain under the conditions of a particular traffic peak. Additional
check-in positions do not increase effective capacity if security screening, passport
control, gate areas or baggage systems remain constrained. Similarly, increasing the
number of aircraft stands may have limited value when apron routes, buses, boarding
bridges or terminal corridors cannot accommodate the associated flow. Functional zon-
ing should therefore separate incompatible flows while minimizing unnecessary move-
ment, repeated control and passenger uncertainty. The resulting layout must also pre-
serve reserve capacity for delayed flights, irregular operations and seasonal concentra-
tion of demand [39, 42].

Institutional coordination is inseparable from passenger rights and service qual-
ity. Although a passenger normally purchases transportation from an airline, many
decisive service events occur in infrastructure managed by an airport or through pro-
cesses performed by contractors and public authorities. The division of legal and opera-
tional responsibility must not produce gaps in information, assistance or complaint han-
dling. Common service standards, escalation procedures and communication channels
are needed so that passengers receive consistent instructions during normal operations
and disruptions. Particular attention is required for persons with reduced mobility, un-
accompanied minors, transfer passengers and travellers affected by cancellation, denied
boarding or baggage irregularities [31, 32, 46].

Digital systems increasingly connect organizational and physical infrastruc-
ture. Airport operational databases, departure-control systems, resource-management
platforms, baggage reconciliation, biometric identification and passenger-information
channels create a shared digital representation of the flight process. Automation can
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shorten processing time and improve data accuracy, but it also increases dependence
on interface compatibility, cybersecurity, data quality and fallback procedures. A digi-
tal solution is effective only when employees understand how to interpret its output and
can continue critical operations during partial system failure. Technology should there-
fore support accountable decisions rather than obscure responsibility behind automated
messages or fragmented software platforms [33, 37, 53].

Operational resilience depends on the availability of time, space, personnel and
equipment reserves that can be activated when actual conditions differ from the sched-
ule. Excessive utilization may appear economically efficient during stable demand but
can cause disproportionate delay propagation when an aircraft arrives late, a stand be-
comes unavailable or passenger processing takes longer than expected. The organiza-
tion of resources should combine planned productivity with predefined recovery ac-
tions, alternative allocations and authority to make rapid joint decisions. This approach
links daily operational control with longer-term infrastructure planning because recur-
ring disruptions often reveal structural bottlenecks that cannot be eliminated by local
instructions alone [38, 41, 50].

The mathematical expressions in this chapter are authorial adaptations of meth-
ods and indicators described in the cited literature [34, 43, 53]. A citation placed be-
fore each expression identifies its conceptual or methodological basis rather than verba-
tim reproduction. The formulas translate organizational relationships into measurable
quantities for planning, operational control and infrastructure decisions. They are used
to compare responsibility allocation, information latency, resource utilization, terminal
capacity, turnaround performance and service quality. Their results should be inter-
preted together with operational constraints and qualitative evidence because a single
indicator cannot represent the entire passenger transport system [38].
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2.1. Airlines, airports, ground handling companies and public au-
thorities

The airline is contractually responsible for transporting the passenger according to the
itinerary and conditions of carriage. It plans the network, schedule, fleet, crew and
commercial product and coordinates disruption recovery. Even when passenger service
or ramp work is outsourced, the carrier must ensure that contracted processes meet
applicable safety, security and service requirements [37].

The airport operator provides and manages common infrastructure, including
movement areas, terminals, stands, utilities, common-use systems and emergency ca-
pability. Ground handling companies transform the airline schedule into physical pas-
senger, baggage and ramp services. Public authorities establish certification, safety,
border, customs, security, competition and consumer-protection requirements [37].

The completeness of responsibility allocation is evaluated by formula (65) [53]:

RC =

∑m
j=1wjrj∑m
j=1wj

× 100%. (65)

Here, RC is responsibility coverage, j is a required function,m is the number of func-
tions, wj is criticality weight, and rj equals one when an accountable owner is as-
signed. The indicator checks whether every important activity has an identifiable de-
cision maker. Functions are listed, weighted and tested for formal ownership. A high
percentage indicates clear allocation, while a low value signals gaps or overlapping
authority. The result supports contracts, operational manuals and emergency planning.

Coordination depends on the speed and accuracy of information exchange.
Shared operational data should include aircraft status, estimated arrival and departure
times, stand, gate, connections, baggage progress, crew limitations and infrastructure
restrictions [57].

Coordination quality is summarized by formula (66) [47]:

CI =
K∑
k=1

αkzk,
K∑
k=1

αk = 1. (66)

Here, CI is the coordination index, zk is normalized performance criterion k, αk is
its weight and K is the number of criteria. Criteria can include message timeliness,
milestone accuracy, response time and closure of joint actions. Every criterion is nor-
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malized before weighting. Higher values indicate more reliable cooperation. The index
supports service reviews and contractor management.

The relationship between communication delay and coordination performance
is shown in Figure 7.
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Figure 7: Illustrative influence of information latency on coordination [53]

Description of the graph. The curve demonstrates a persistent decline in the
coordination index as information latency increases. With a delay of one minute, the
index is approximately 0.95, indicating that participants receive almost current opera-
tional data. At ten minutes, it decreases to about 0.75, which substantially reduces the
time available for joint corrective action. Delays exceeding twenty minutes correspond
to an index below 0.55 and indicate fragmented coordination. The graph therefore con-
firms that rapid information exchange is a critical prerequisite for synchronized airport
operations.

Joint decisions often require compromise among punctuality, passenger service,
cost and operational risk. Alternatives should be evaluated transparently so that one
participant does not transfer consequences to another [40].

The organizational model of an airport depends on ownership, traffic structure,
regulation and the extent of outsourcing. At some airports the operator directly performs
terminal, ramp or security functions, while at others it mainly coordinates specialized
companies. Direct provision can simplify command and standardization, whereas out-
sourcing can provide specialist expertise and flexible capacity. The decisive require-
ment is that passengers experience one coherent process even when several legal enti-
ties deliver it. Interfaces must be documented at the level of tasks, information fields,
response times and escalation procedures [43].
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Commercial relationships influence operational behaviour. A handling contract
based exclusively on the lowest unit price may encourage minimum staffing and reduce
reserve during peaks or disruption. Conversely, a contract without measurable produc-
tivity requirements can preserve inefficient routines. Balanced agreements combine
safety and quality thresholds with punctuality, baggage, staffing, reporting and im-
provement indicators. Incentives should reward sustained system performance rather
than isolated speed that transfers delay or risk to another participant [46].

Average information latency is given by formula (67) [46]:

LI =
1

n

n∑
i=1

(treci − tgeni ) . (67)

Here, LI is mean information latency, n is the number of messages, tgeni is generation
time and treci is receipt time. The indicator measures delay in the information chain.
Lower latency increases the time available for gate changes and resource reassignment.
Percentiles should supplement the average because a few late messages can have serious
consequences. The result supports data integration and collaborative decision-making.

Table 5: Distribution of principal responsibilities among air transport participants [32]

Participant Principal responsibilities Critical coordination interfaces

Airline Schedule, aircraft, crew, passenger
contract, load control and disruption re-
covery

Airport slots, handler tasks, passenger
information and air traffic restrictions

Airport operator Common infrastructure, terminal
flows, stands, emergency coordination
and utilities

Airlines, authorities, concessionaires
and surface transport

Ground handler Check-in, boarding, baggage, ramp ser-
vices and turnaround execution

Airline operations, airport control and
equipment providers

Public authorities Safety, security, border, customs,
health and consumer oversight

Process design, information require-
ments and enforcement

Air navigation provider Air traffic services, flow management
and restrictions

Airline dispatch, airport capacity and
departure sequencing

Public authorities must coordinate their own requirements. Security, border,
customs and public-health measures can create conflicting demands for space, infor-
mation and process sequence. A change introduced by one authority may increase
queues or require modification of airline and airport systems. Regulatory impact should
therefore be assessed at the complete passenger-process level. Joint working groups,
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controlled trials and transition periods reduce the risk that individually reasonable rules
create an inefficient combined process [31].

The utility of alternative a is given by formula (68) [36]:

Ua =
m∑
j=1

βjxaj −
Q∑
q=1

γqpaq. (68)

Here, Ua is utility, xaj is benefit criterion j, βj is its weight, paq is penalty q, and γq is
the penalty weight. Benefits and penalties are normalized before summation. The high-
est admissible value identifies the preferred alternative. Sensitivity analysis is needed
because weights affect ranking. The method supports gate allocation, connection pro-
tection and disruption recovery.

Operational governance needs several levels. Strategic committees address in-
vestment and long-term service standards; tactical groups prepare seasonal schedules,
staffing and contingency plans; operational centres manage the current day. Decisions
should move to the lowest level possessing sufficient information and authority. Esca-
lation is required when consequences cross organizational boundaries or exceed agreed
tolerance. A common action register prevents recurring issues from being discussed
repeatedly without implementation [53].

Human factors remain central despite automation. Employees from different
organizations may use different terminology, priorities and reporting cultures. Joint
training creates shared understanding of hazards, passenger needs and operational ob-
jectives. Exercises should include normal peaks as well as aircraft changes, evacua-
tion, system failure and mass disruption. After-action reviews should focus on interface
weaknesses rather than individual blame [47].

The quality of stakeholder interaction ultimately becomes visible to passen-
gers. Contradictory announcements, repeated document checks, unclear responsibility
for assistance and long complaint transfers indicate organizational fragmentation. A
passenger-centred approach assigns one accessible contact for each stage and ensures
that internal transfers of responsibility do not require the passenger to restart the pro-
cess. Satisfaction and loyalty depend on the combined airline and airport experience.
Inter-organizational coordination is therefore a component of commercial competitive-
ness [36].

Information ownership is as important as process ownership. A data field should
have an authoritative source, update rule, quality threshold and retention period. Du-
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plicate manual entry creates inconsistent versions of aircraft, passenger and baggage
status. Interface agreements should define what happens when data are missing or con-
tradictory. Audit trails allow organizations to reconstruct which information supported
a decision and improve both accountability and learning [53].

Financial settlement mechanisms should not dominate operational cooperation.
Disputes about delay codes, exclusions or additional services are best reviewed after
immediate passenger and safety needs have been resolved. Operational staff require
authority to deploy reasonable resources without waiting for commercial approval in
every exceptional case. Pre-agreed limits and evidence requirements protect both cost
control and response speed. This separation between immediate control and later set-
tlement reduces hesitation during disruption [40].

Service-level compliance is calculated by formula (69) [40]:

SLC =
Nmet

Napp
× 100%. (69)

Here, SLC is compliance, Nmet is events meeting the target and Napp is all applicable
events. The calculation excludes only formally agreed exceptions. A high result shows
consistent delivery but not the severity of failures. Critical processes should therefore be
monitored separately. The indicator supports contractor review and corrective action.

Continuous improvement converts performance data into redesigned proce-
dures. Joint teams should identify recurring interface losses, test a modified process,
measure the result and standardize successful changes. Improvement portfolios need
prioritization because organizations cannot implement every proposal simultaneously.
Actions with large passenger, safety or punctuality effects should receive priority.
Shared benefits encourage participation when savings or revenue improvements would
otherwise accrue to only one organization [32].

Performance accountability should distinguish responsibility for cause from re-
sponsibility for response. An airport may not cause adverse weather, and a handler may
not cause a late inbound aircraft, but each organization remains responsible for timely
mitigation within its control. Reports should therefore identify the initiating event, con-
trollable response time and final passenger consequence. This approach prevents ex-
ternal causes from becoming blanket exclusions and encourages effective recovery. It
also provides a fairer basis for contractual incentives and joint improvement [40].
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2.2. Airport infrastructure and functional zoning of terminals

Airport infrastructure is divided into airside, landside and interface areas. Airside in-
cludes runways, taxiways, aprons, stands and restricted roads. Landside includes access
transport, parking, public halls and commercial areas. The terminal connects these do-
mains while maintaining security separation [39].

Functional zoning distinguishes departing, arriving, transfer, domestic and in-
ternational flows. Additional separation may be required for screened and unscreened
passengers, border categories, persons requiring assistance, staff and service deliver-
ies [44].

The area required for processing zone j is given by formula (70) [36]:

Aj = λjtjsj. (70)

Here, Aj is required area, λj is peak arrival rate, tj is dwell time and sj is area standard
per passenger. Flow is converted into the simultaneous passenger population and then
into floor area. All units must be compatible. Higher dwell time increases space require-
ments even when throughput is unchanged. The formula supports sizing of check-in,
security, holding and reclaim areas.

Passenger accumulation is given by formula (71) [42]:

Nj(t) = Nj(0) +

∫ t

0
[λj(τ)− µj(τ)] dτ. (71)

Here, Nj(t) is passengers in zone j, Nj(0) is the initial number, λj is arrival rate and
µj is departure rate. When arrivals exceed departures, accumulation grows. Time-
dependent rates represent flight banks and temporary failures. The result supports sim-
ulation and dynamic opening of channels. It also helps test evacuation and crowding
conditions.

The relationship between peak flow and area is shown in Figure 8.
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Figure 8: Illustrative terminal-area requirement [43]

Description of the graph. Both curves show that the required terminal area in-
creases in direct proportion to the peak passenger flow. The enhanced-service scenario
consistently requires more space than the standard-service scenario. At a flow of 1,000
passengers per hour, the respective requirements are approximately 1,500 and 1,200m2.
At 3,000 passengers per hour, the difference reaches 900 m2, which becomes signifi-
cant for investment planning. The graph illustrates how the selected service standard
affects terminal dimensions at every level of demand.

Airport master planning links forecast demand with staged infrastructure de-
velopment. The plan should define the ultimate spatial concept while preserving the
ability to build modules as demand materializes. Premature construction creates un-
derused capital assets, whereas delayed investment produces congestion and opera-
tional workarounds. Scenario analysis is preferable to one deterministic forecast. Land
reservation and protected utility corridors often determine long-term flexibility more
strongly than the architectural form of the first terminal stage [43].

Airside layout influences capacity and turnaround reliability. Taxiway geome-
try, stand orientation, pushback procedures and service-road crossings determine how
aircraft and ground vehicles interact. Contact stands shorten passenger movement but
occupy terminal frontage, while remote stands increase bus and equipment movements.
Stand allocation should account for aircraft wingspan, passenger category, turnaround
duration, towing and adjacent-stand restrictions. Flexible stands improve adaptability
but require reliable markings and operational controls [42].
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The number of processing positions is given by formula (72) [35]:

nj =

⌈
λjts,j
ρ∗j

⌉
. (72)

Here, nj is positions, ts,j is service time, ρ∗j is target utilization and ⌈·⌉ rounds up-
ward. Arrival rate multiplied by service time gives workload. Dividing by target utiliza-
tion creates reserve for variability. A lower target requires more positions but reduces
queues. The formula supports check-in, security, border and self-service sizing.

Table 6: Functional zones of a passenger terminal and principal planning criteria [43]

Zone Main processes Principal planning criteria

Departure hall Check-in, bag drop, information and
distribution

Peak profile, processing technology,
queue space and accessibility

Security and border
control

Screening and document verification Lane capacity, separation, privacy and
alarm resolution

Airside departure area Waiting, retail, gate processing and
boarding

Dwell time, seating, walking distance
and gate flexibility

Transfer area Connection routing, re-screening and
assistance

Connection time, vertical circulation
and passenger recovery

Arrival and reclaim Immigration, baggage reclaim and cus-
toms

Belt capacity, delivery time and land-
side exit capacity

Terminal passenger flows should be intuitive and observable. Excessive
changes of level, long corridors and crossing streams increase travel time and make as-
sistance difficult. Wayfinding combines architectural visibility, signs, lighting, colour,
audio information and staff support. Digital navigation cannot replace a legible phys-
ical environment because passengers may lack connectivity or familiarity. Universal
design reduces ambiguity and provides step-free, well-proportioned routes [36].

Baggage infrastructure requires its own spatial logic. Conveyors, screening
machines, sorters, make-up areas, early-bag storage and reclaim belts must accommo-
date origin, transfer and arrival flows. The system should provide alternative routing
around failed equipment and access for maintenance without prolonged closure. Ca-
pacity depends on bags per hour, destination distribution, transfer peaks and screening
alarms. Baggage corridors and equipment rooms therefore require protection in the
master plan [39].

Technology changes the use of terminal space. Online check-in reduces demand
for conventional counters, while self-service bag drop and biometric processing create
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equipment and supervision requirements. Space released by one process may be needed
for exception handling or identity resolution. Automation is most effective when the
physical process is redesigned rather thanwhenmachines are inserted into an unchanged
layout. Common-use and relocatable equipment improves adaptability [37].

Commercial facilities contribute revenue and passenger experience but must
not obstruct transport functions. Retail placement should respect sightlines, circulation
width, emergency routes and flight information. Dwell time creates commercial oppor-
tunity, yet forcing long routes through retail areas disadvantages passengers with lim-
ited mobility or short connections. Seating, water, sanitary facilities, charging points
and quiet areas are part of operational quality. The terminal should support efficient
movement and comfortable waiting [44].

The weighted zoning cost is given by formula (73) [54]:

ZC =
n∑

i=1

n∑
j=1

Fijdij +
n∑

i=1

n∑
j=1

Mijvij. (73)

Here, ZC is zoning cost, Fij is flow, dij is distance,Mij is an incompatibility indicator
and vij is separation penalty. The first term measures movement burden and the sec-
ond penalizes unsafe adjacency. Candidate layouts use the same flow matrix. Lower
values indicate a more efficient admissible configuration. The method supports master
planning and renovation comparison.

Infrastructure resilience begins with physical redundancy and maintainabil-
ity. Critical power, data, security, baggage and passenger-information systems require
backup arrangements and tested restoration procedures. Flooding, heat, snow and wind
must be incorporated into design standards. Modular partitions, mobile counters and
common-use networks can shorten recovery time. Resilience investments should be
evaluated against passenger and network consequences rather than only direct repair
cost [56].

Surface access is part of airport infrastructure performance. Road congestion,
unreliable public transport and insufficient interchange capacity can cause passengers
to miss flights even when terminal processes operate correctly. Access planning should
evaluate door-to-door time, passenger origin zones, employee travel and the operating
hours of early and late flights. Rail and bus stations require protectedwalking routes and
clear information inside the terminal. Coordination with urban and regional authorities
expands the effective airport catchment area [57].
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Maintenance planning must preserve infrastructure capacity over its life cycle.
Floors, bridges, baggage conveyors, screening equipment, lifts, lighting and utilities
deteriorate under intensive use. Preventive work should be scheduled around demand
peaks and supported by temporary routing. Asset registers need condition, failure his-
tory, spare-parts and replacement information. Life-cycle planning reduces emergency
closure and avoids concentrating renewal needs in one financial period [35].

Terminal expansion should be evaluated from the passenger perspective before
construction. Temporary corridors, remote gates, noise, dust and changed wayfinding
can reduce service quality for several years. Phasing plans need safe separation of con-
struction, staff and passengers. Communication should explain route changes before
arrival and at decision points. A well-managed construction phase can preserve air-
port choice and satisfaction even when the final capacity benefit has not yet become
available [44].

The minimum number of stands is given by formula (74) [33]:

G =

⌈∑F
f=1 t

stand
f

Tηg

⌉
. (74)

Here, G is required stands, F is flights, tstandf is occupancy time, T is the planning
interval and ηg is target utilization. Total stand-hours are divided by productive time
from one stand. The utilization target provides reserve for variation. Compatibility and
simultaneous peaks must be checked separately. The result supports apron planning
and gate allocation.

The functional zoning of a terminal must also account for changes in passenger
status. A departing passenger may move from a publicly accessible landside area to
a security-restricted airside zone, while an international transfer can require document
control, security screening or temporary entry into another processing stream. These
transitions must be physically clear and legally controlled without creating unnecessary
backtracking. Doors, lifts, corridors and vertical circulation elements should prevent
accidental mixing of screened and unscreened passengers. At the same time, the lay-
out must permit authorized staff to redirect flows rapidly when a gate, checkpoint or
baggage facility becomes unavailable [31, 42].
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2.3. Interaction of participants during flight preparation and op-
eration

Flight preparation begins before aircraft arrival. The airline operations centre, air-
port, handler and air navigation provider update estimates, assign resources and iden-
tify restrictions. Milestones require an owner, planned time, predicted time and actual
time [51].

Milestone deviation is given by formula (75) [58]:

∆ti = tacti − tplani . (75)

Here, ∆ti is deviation, tacti is actual completion and tplani is planned completion. Pos-
itive values mean delay. Common timestamp sources prevent disagreement. The se-
quence reveals where delay began and propagated. The indicator supports real-time
control and review.

Prediction accuracy is measured by formula (76) [38]:

MAE =
1

n

n∑
i=1

∣∣testi − tacti

∣∣ . (76)

Here, MAE is mean absolute error, n is observations, testi is prediction and tacti is
actual time. Absolute errors cannot cancel. Lower values indicate better forecasts. The
metric can be evaluated at different time horizons. It supports model and data-provider
assessment.

Turnaround progress is shown in Figure 9.
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Figure 9: Illustrative turnaround progress [50]

Description of the graph. The planned curve reaches full task completion ap-
proximately 35 minutes after the aircraft arrives on stand. Under disrupted conditions,
progress is slower throughout the turnaround and completion shifts to about 45 min-
utes. The largest practical separation between the curves occurs during themiddle stage,
when several passenger, baggage and aircraft-service tasks operate simultaneously. The
delayed curve indicates that early deviations are not fully recovered during subsequent
operations. The graph emphasizes the need to detect emerging delays before they affect
the critical departure milestones.

Seasonal coordination begins when airlines submit schedules and expected air-
craft types. Airports test stand, gate, terminal and baggage demand against available
capacity, while handlers translate the programme into shifts and equipment require-
ments. Concentrated peaks are more important than daily totals. Construction work,
curfews, border staffing and special events should be included in the same planning
dataset. Early identification of infeasible periods allows adjustment before commercial
commitments become difficult to change [42].

Collaborative decision-making requires common definitions. Estimated land-
ing, in-block, target off-block and take-off times must be generated according to agreed
rules and updated when evidence changes. Participants should know whether a time
is a target, prediction or confirmed event. Data quality includes completeness, timeli-
ness, consistency and traceability. Automatic exchange reduces calls but still requires
monitoring because technically delivered data can be operationally wrong [53].
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Table 7: Key milestones in coordinated flight preparation [38]

Milestone Responsible participants Main use

Estimated landing and
in-block time

Airline, air navigation provider and
airport

Stand, gate and arrival-resource plan-
ning

Aircraft ready for service Flight crew, maintenance and handler Start of turnaround tasks and technical
decisions

Boarding start and
completion

Airline, gate agent and cabin crew Passenger control and departure-
readiness forecast

Load-sheet completion Load control, baggage and flight crew Final mass, balance and loading con-
firmation

Target off-block time Airline, airport, handler and air traffic
services

Pushback sequencing and flow man-
agement

Daily operational briefings should focus on deviations from the normal plan.
Weather, airspace restrictions, unserviceable infrastructure, staff shortages, special pas-
sengers, large groups and tight connections require joint attention. The briefing should
result in decisions and owners rather than only information exchange. Short update
cycles are preferable during rapidly changing conditions. Digital logs ensure that later
shifts understand why a decision was made [50].

Resource assignment is formulated by formula (77) [42]:

minC =
R∑
r=1

F∑
f=1

crfxrf ,
R∑
r=1

xrf = 1. (77)

Here, C is cost, r indexes resources, f indexes flights, crf is assignment cost and xrf
is binary. Cost may include travel distance, lateness and incompatibility. Each flight
receives the required resource. Overlapping use is prohibited by additional constraints.
The model supports buses, tugs, stairs and teams.

Passenger communication must be synchronized with operational control. In-
formation should state current status, available options, responsible contact and time
of the next update. Premature certainty creates repeated corrections, while excessive
caution leaves passengers unable to plan. Displays, applications, announcements, call
centres and front-line staff should use a consistent source. Special attention is required
for transfer passengers and persons needing assistance [31].

Irregular operations require predefined decision rights. The airline decides com-
mercial recovery and aircraft rotation, the airport manages common infrastructure, the
handler controls assigned resources, and authorities determine legal restrictions. The
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practical solution often requires a joint decision. An aircraft change can affect gate com-
patibility, boarding, baggage, crew and seating simultaneously. Scenario playbooks
accelerate response but must allow adaptation [49].

Post-operation analysis should separate primary cause, contributing factors and
propagated consequences. A late inbound aircraft may be visible, while unrealistic
schedules, delayed information or equipment shortages explain why recovery failed.
Reviews should use common timestamps and avoid incompatible reports. Corrective
actions need an owner, deadline, verification method and expected effect. Trend anal-
ysis across many flights is more useful than blame focused on one event [41].

Performance meetings should combine punctuality with passenger and baggage
outcomes. An on-time departure may still involve left-behind baggage or unsafe work
pressure. Conversely, a justified short delay may prevent greater downstream disrup-
tion. Balanced evaluation encourages decisions that improve the network rather than
one timestamp. Measures should be segmented by airline, handler, stand type, period
and cause [58].

Downstream delay is given by formula (78) [51]:

Dj = max (0, Di − Bij) +Dloc
j . (78)

Here,Dj is downstream delay,Di is incoming delay, Bij is schedule buffer andDloc
j is

local delay. The buffer absorbs part of incoming delay. Excess delay propagates. Local
delay is then added. The relationship supports robust scheduling and recovery.

Connection management links the turnaround plan with passenger itineraries.
Operations control needs the number, location and remaining time of connecting pas-
sengers, together with the availability of alternatives. Holding a departure is justified
only when protected passengers and downstream consequences outweigh the delay im-
posed on the aircraft and local passengers. Decisions should be consistent across similar
cases while allowing exceptions for vulnerable passengers or limited route frequency.
Recording the assumptions supports later evaluation [58].

Crew legality creates hard operational constraints. Flight and cabin crews have
duty, rest and qualification limits that cannot be solved by faster ground handling once
exceeded. Early prediction of legality risk allows reserve crew, aircraft swaps or sched-
ule changes. Airport and handler decisions should consider how gate changes or pas-
senger delays consume the remaining duty margin. Protecting a few minutes during the
turnaround can prevent a cancellation when the crew margin is small [50].
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Maintenance decisions also interact with passenger operations. A technical de-
fect may permit dispatch under approved conditions, require repair or make aircraft sub-
stitution necessary. The time estimate should include diagnosis, parts, access, testing
and documentation. Passenger information must reflect uncertainty without promising
an unsupported completion time. Close coordination among maintenance, operations,
gate staff and load control reduces repeated boarding or baggage changes [49].

Weather response should be planned by threshold rather than improvised after
capacity deteriorates. Wind, visibility, lightning, heat, snow and de-icing requirements
affect runway, ramp and passenger processes differently. Predetermined actions can
include staff recall, equipment positioning, revised connection protection and schedule
reduction. The operational picturemust distinguish forecast uncertainty from confirmed
restrictions. Early conservative action may reduce the much larger cost of uncontrolled
disruption [42].

The end of the operating day requires structured handover. Open technical
issues, delayed baggage, unaccompanied passengers, equipment status and expected
morning constraints must pass to the next shift. Verbal handover alone is vulnerable to
omission, especially during high workload. A concise digital record with priority and
ownership supports continuity. The quality of handover should be audited as a process
milestone rather than treated as an informal staff habit [51].

Decision support should present uncertainty rather than one apparently precise
estimate. A predicted off-block time may depend on boarding rate, late bags, mainte-
nance and air traffic restrictions. Providing a range and confidence level helps partici-
pants choose proportional actions. Frequent unstable updates can be as harmful as late
updates because they cause repeated resource movement. Prediction systems should
therefore balance responsiveness and stability and explain the main factors driving a
change [41].

The passenger-weighted disruption score is given by formula (79) [31]:

DS =
F∑

f=1

(PfDf + ωMf + ψCf) . (79)

Here,DS is disruption score, Pf is passengers,Df is delay,Mf is missed connections,
Cf is cancellations and ω, ψ are weights. Passenger-delay minutes form the base effect.
Connections and cancellations receive penalties. Recovery alternatives are compared
using the same weights. The lowest feasible score is preferred.
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2.4. Technological processes of ground handling of aircraft

Ground handling begins when the aircraft approaches the stand and ends when it safely
leaves. Arrival guidance, chocking, disembarkation, unloading, servicing, boarding,
loading and pushback form a coordinated production cycle [45].

Turnaround duration is given by formula (80) [55]:

Tta = max
p∈P

∑
i∈p

ti. (80)

Here, Tta is turnaround duration, P is precedence paths, p is one path and ti is task
duration. Durations are added on each path. The longest path determines departure.
Non-critical task reduction has no effect until slack is exhausted. The model supports
process redesign and real-time control.

Ground task completion is presented in Figure 10.
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Figure 10: Illustrative ground-handling task completion [50]

Description of the graph. The graph presents the cumulative completion of
ground-handling tasks during a forty-minute turnaround. Progress is initially slow be-
cause equipment positioning and preparatory safety actions must precede the main ser-
vice operations. The completion rate accelerates between 10 and 30 minutes as com-
patible tasks are performed in parallel. Approximately 86% of the work is completed
by minute 30, while the remaining tasks determine final departure readiness. The curve
shows why control of late critical activities is more important than the average progress
percentage alone.

The turnaround plan must distinguish tasks that can run in parallel from tasks
requiring separation. Fuelling may be compatible with boarding only under defined
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procedures, emergency access and communication conditions. Catering, cleaning and
passenger movement can compete for doors and aisles. Baggage loading depends on
reconciliation, load control and final passenger status. A graphical task network iden-
tifies critical dependencies and prevents nominal time savings from creating unsafe
interference [38].

Stand safety begins before equipment approaches the aircraft. The area must
be inspected for foreign objects, markings and obstructions, and vehicles must follow
defined paths and speed limits. Equipment is positioned only after chocks, beacons and
engine status permit access. Damage prevention relies on trained guidance, functional
brakes, proximity controls and communication. Near-miss reporting reveals weak con-
ditions even when no damage occurs [49].

Table 8: Typical ground-handling tasks and operational dependencies [50]

Task Principal inputs Main dependencies

Passenger
disembarkation

Bridge or stairs, cabin crew and arrival
route

Safe stand, door opening and terminal
readiness

Baggage
unloading/loading

Belt loader, teams, carts and load in-
struction

Hold access, reconciliation and final
load plan

Cabin cleaning and
catering

Service teams, supplies and waste re-
moval

Passenger flow, door allocation and se-
curity control

Fuelling and ground
power

Provider, bonding, power equipment
and monitoring

Aircraft status, safety zone and crew
communication

Pushback Tug, headset operator, clearance and
trained team

Door closure, equipment removal and
apron clearance

Labour productivity is given by formula (81) [41]:

LP =
Nfl

Hlab
. (81)

Here, LP is flights per labour-hour,Nfl is completed handlings andHlab is paid labour-
hours. Comparable service packages must be used. High productivity should not be
achieved through omitted tasks. Safety and delay indicators are reviewed alongside it.
The result supports staffing and benchmarking.

Passenger boarding is a major source of turnaround variability. Boarding time
depends on load factor, cabin layout, carry-on baggage, passenger groups and compli-
ance with sequence. Early gate processing can remove document and baggage problems
before passengers enter the bridge. Strategies should be adapted to aircraft and passen-
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ger characteristics rather than applied universally. Real-time progress metrics allow
support before the departure target becomes unattainable [41].

Baggage operations require reconciliation between passenger status and loaded
items. Transfer bags are prioritized according to remaining connection time and onward
aircraft location. Container and cart planning should minimize rehandling and protect
delivery sequence. Scanning at handover points increases traceability, but exception
processes are needed when tags are unreadable or networks fail. Performance should
include transfer success and delivery time [39].

Equipment utilization is given by formula (82) [41]:

Ue =
Hwork

e

Havail
e

× 100%. (82)

Here, Ue is equipment utilization, Hwork
e is productive hours and Havail

e is available
hours. Low utilization may indicate excessive fleet size. Very high utilization leaves
little reserve. Travel and waiting time should be tracked separately. The result supports
procurement and maintenance.

Ground support equipment dispatch resembles a vehicle-routing problem with
time windows. Equipment travels between stands, completes service, recharges or refu-
els, and remains compatible with aircraft type. Central pooling can improve utilization
but requires accurate demand information and dispatch discipline. Electric equipment
also requires charging infrastructure and energy planning. Telematics supports location
tracking, maintenance and analysis of idle time [45].

Staffing plans should reflect qualifications and task concurrency. A sufficient
total number of workers does not guarantee feasibility if too few are certified for push-
back, load control or dangerous-goods functions. Shift handovers must protect un-
finished tasks and information. Fatigue, weather exposure and repeated peaks affect
performance and safety. Cross-training increases flexibility, but competency must be
maintained through recurrent assessment [50].

Contingency procedures are required for equipment failure, extreme weather,
health measures and unavailable stands. Mobile replacement assets and agreements be-
tween handlers shorten recovery. During exceptional events, normal task duration and
safe capacity assumptions must be revised rather than simply demanding faster work.
The plan should define which services can be simplified and which safety controls are
inviolable. Exercises reveal whether spare equipment and decision rights are genuinely
usable [55].
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Successful baggage delivery probability is given by formula (83) [49]:

Pbag =
m∏
j=1

(1− pj). (83)

Here, Pbag is delivery probability, pj is failure probability andm is process stages. Each
stage contributes its success probability. More stages or higher failure rates reduce the
product. Independence is a simplifying assumption. The model supports baggage risk
assessment.

Environmental improvement should be integrated with turnaround perfor-
mance. Fixed electrical ground power reduces auxiliary-power use, while optimized
dispatch reduces vehicle travel and idle running. Electric equipment lowers local emis-
sions but may introduce charging constraints. Environmental indicators should be eval-
uated with reliability and life-cycle cost. A measure that reduces emissions but creates
recurrent delay may require different infrastructure or scheduling [45].

Load control integrates passenger, baggage, cargo and fuel data into the aircraft
mass-and-balance decision. Late passenger changes or baggage removals require timely
updates to loading teams and flight crew. Communication errors can create departure
delay or an unacceptable loading condition. Electronic systems reduce calculation time
but require controlled interfaces and fallback procedures. Final documentation must
correspond to the actual aircraft configuration and loaded items [38].

Fuelling requires coordination of quantity, timing, safety zone and passenger
status. Delayed fuel orders can place the task on the critical path, while early fuelling
may be affected by later payload changes. Procedures for fuelling with passengers on
board need trained staff, communication and unobstructed evacuation routes. Spillage
or bonding failure requires immediate stop and response. Performance assessment
should never reward duration reduction that weakens safety checks [50].

Aircraft cleaning influences both passenger perception and turnaround time.
The cleaning standard should reflect flight length, aircraft condition and health require-
ments. Teams need access to cabin zones without conflicting with catering or boarding.
Waste removal and replenishment should be organized to minimize repeated movement
through narrow aisles. Quality sampling after departure is ineffective, so supervisors
require rapid inspection before boarding begins [51].

Winter operations add de-icing, snow removal and contamination inspection to
the ground process. Treatment effectiveness depends on weather, fluid, holdover time
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and departure sequence. An aircraft treated too early may require repetition, while
treatment too late can miss the flow-management slot. Airport, airline, handler and air
traffic services must coordinate capacity assumptions. Seasonal training and equipment
tests should be completed before the first severe event [49].

Turnaround improvement should use observed task data rather than a single
average duration. Distributions reveal whether variability arises from passenger load,
stand type, team, equipment or preceding delay. Video analytics and equipment times-
tamps can provide detail, subject to privacy and governance controls. Pilot changes
should compare a baseline with the modified process across sufficient flights. Sus-
tainable improvement reduces both mean time and variability without increasing safety
events or staff workload [41].

Ground-service emissions are given by formula (84) [49]:

Eg =
K∑
k=1

Fkek + EAPU . (84)

Here, Eg is emissions, Fk is energy consumed, ek is emission factor, K is equipment
categories and EAPU is auxiliary-power emissions. Consumption is multiplied by its
factor. Electricity factors reflect the selected boundary. The model compares diesel,
electric and fixed-power scenarios. It supports environmental reporting and investment.

Process standardization should define the required result while allowing justi-
fied local adaptation. Aircraft configuration, stand equipment and weather can make
one fixed sequence inefficient or unsafe. Teams need clear rules for selecting an ap-
proved alternative sequence and recording the reason. Standard work provides a base-
line for training and measurement, while controlled flexibility supports real operations.
Uncontrolled variation, by contrast, makes performance unpredictable and weakens in-
vestigation [38].

Service providers should measure first-time-right performance. A task com-
pleted quickly but repeated because of incorrect quantity, position or documentation
consumes more time and can compromise departure readiness. Examples include bag-
gage reloading, catering correction, repeated cabin checks and revised load sheets.
Quality-at-source assigns verification to the team performing the work and provides
rapid feedback. Reducing rework improves punctuality without requiring staff to per-
form the original task faster [50].
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2.5. Throughput capacity and quality of airport infrastructure op-
eration

Airport throughput is the sustainable flow processed under defined conditions. It dif-
fers from a short exceptional maximum because it includes staffing, reliability, service
standards and demand variability [39].

System throughput is given by formula (85) [47]:

Qsys = min (Qci, Qsec, Qbor, Qbag, Qgate) . (85)

Here, Qsys is throughput and the remaining terms are capacities of check-in, security,
border, baggage and gates. The minimum identifies the bottleneck. All capacities use
the same interval. After improvement, the calculation is repeated. It supports targeted
investment.

The utilization–quality relationship is shown in Figure 11.
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Figure 11: Illustrative relationship between utilization and service quality [44]

Description of the graph. The curve shows that service quality remains rela-
tively stable while infrastructure utilization is moderate. Once utilization rises above
approximately 75–80%, the quality index begins to decline more rapidly. At 90% uti-
lization, the index falls to about 68, reflecting longer queues and reduced operational
flexibility. Near full utilization, even small demand fluctuations can produce a dis-
proportionate deterioration in passenger service. The graph supports maintaining an
operational reserve instead of planning airport facilities for continuous maximum load-
ing.

Infrastructure management should integrate capacity, quality, efficiency and re-
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silience. Decisions based on only one dimension can create congestion, fragile opera-
tions or poor passenger experience [34].

Capacity must be defined for specific operating conditions. Runway configu-
ration, weather, aircraft mix, security regime, staffing and passenger composition can
change sustainable flow. Declared capacity should include its assumptions and not be
treated as a permanent physical constant. Practical capacity is lower than theoretical
maximum because service quality and recovery margin must be preserved. Analysis
should use distributions and scenarios rather than one average value [42].

Demand management complements physical expansion. Schedule coordina-
tion, slot allocation, differentiated charges and collaborative planning can shift traffic
away from congested periods. These measures should reflect airline network needs and
avoid unusable schedules. When demand consistently exceeds capacity, administrative
allocation cannot remove the need for investment or redesign. Transparent rules are
essential because scarce capacity affects competition and connectivity [48].

Average passengers in a process are given by formula (86) [32]:

L = λW. (86)

Here, L is passengers in the system, λ is throughput rate andW is average time. Stable
flow and consistent units are required. Any third value follows from the other two.
Longer time increases terminal occupancy. The relationship supports queue monitoring
and space sizing.

Table 9: Balanced indicators of airport infrastructure performance [34]

Dimension Representative indicators Management purpose

Capacity Passengers per hour, movements per
hour and reserve

Identify bottlenecks and expansion re-
quirements

Efficiency Cost per passenger, productivity and
equipment utilization

Compare resource use and process de-
sign

Service quality Waiting, satisfaction, walking and bag-
gage delivery

Protect passenger experience

Reliability Punctuality, availability and comple-
tion factor

Monitor consistency and disruption ex-
posure

Resilience Retained capacity, recovery time and
alternatives

Prepare for failures and exceptional de-
mand
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Productive efficiency is given by formula (87) [34]:

PE =

∑R
r=1 uryr∑I
i=1 vixi

. (87)

Here, PE is efficiency, yr is output, ur is output weight, xi is input and vi is input
weight. Weighted output is divided by weighted input. Definitions must be consistent
across airports. The ratio identifies resource productivity. Quality and safety remain
separate constraints.

Queue simulation is needed when arrivals are peaked, service times vary or
passenger categories use different channels. Analytical averages may underestimate
the tail of the waiting-time distribution. Discrete-event models reproduce individual
arrivals, routing, service and equipment states. Scenarios should test normal peaks,
delayed flight banks, lane failure and staff shortage. Validation requires comparison
with observed queues and timestamps [39].

Passenger quality should be interpreted across the whole journey. Short secu-
rity waiting does not compensate for confusing wayfinding or late baggage delivery.
Satisfaction is shaped by expectations, perceived fairness, staff behaviour and recov-
ery. Surveys should combine ratings with objective data. Segment analysis reveals
different priorities among business, leisure, transfer, family and reduced-mobility pas-
sengers [46].

Airport efficiency is influenced by external conditions. Traffic structure, re-
gional income, tourism, regulation and ownership affect the relationship between re-
sources and outputs. Benchmarking should compare similar airports or control for the
operating environment. A low score may result from process weakness, public-service
obligations or temporary excess capacity built for growth. Interpretation requires quan-
titative models and institutional knowledge [56].

Financial sustainability depends on aeronautical and commercial revenue, oper-
ating cost and investment obligations. Passenger collapse demonstrated that high fixed
costs can rapidly weaken airport finances. Charge changes may support recovery but
can affect airline capacity and regional connectivity. Long-term planning should test
traffic, inflation, energy and financing scenarios. Essential maintenance must be pro-
tected when expansion is postponed [48].

Airport and regional development are interdependent. Connectivity can sup-
port tourism, labour access and investment, while regional economic growth generates
air demand. The direction and strength of causality vary between markets. Appraisal
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should distinguish direct airport productivity from wider economic benefits and avoid
double counting. Coordinated land-use and surface transport planning increases the
value of airport capacity [57].

Airport service quality is given by formula (88) [35]:

ASQ =

∑m
j=1wjsj∑m
j=1wj

. (88)

Here, ASQ is quality, sj is passenger rating, wj is importance weight and m is at-
tributes. Ratings are weighted and normalized. Higher values indicate better perceived
service. Passenger segments should be analysed separately. The index supports service
improvement and terminal investment.

Self-connectivity and independent transfers create flows that may not be vis-
ible to airlines as protected connections. These passengers expand route combina-
tions but face higher risk during delay and may need to reclaim baggage. Airports
can support them through information, suitable minimum times and transfer services.
Capacity models should account for additional circulation and processing. Passenger
behaviour can therefore change infrastructure demand without a formal airline network
decision [58].

Performance targets should be linked to the time scale of decisions. Real-
time indicators support lane opening and resource dispatch, daily indicators reveal op-
erational deviations, and monthly indicators support staffing and investment review.
Combining all purposes in one dashboard can hide urgent conditions among strategic
measures. Each indicator needs an owner, update frequency, threshold and defined
response. Measurement creates value only when a deviation triggers an appropriate
action [43].

Data comparability is necessary for benchmarking. Airports may define passen-
gers, delays, available area, staff hours and costs differently. Before comparison, the
analyst should harmonize scope, accounting period, transfer treatment and outsourced
resources. Peer groups should reflect traffic scale, international share, hub function and
regional conditions. Transparent definitions prevent incorrect conclusions and allow
practices to be transferred responsibly [35].

Quality and capacity investments should be evaluated after implementation. Ac-
tual passenger time, satisfaction, throughput, reliability and operating cost are compared
with the baseline and business-case assumptions. Benefits can be delayed while staff
learn the new process, so evaluation should include stabilization time. If expected re-
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sults are not achieved, the review should distinguish design weakness from incomplete
implementation. Post-project evaluation improves later forecasts and strengthens ac-
countability [46].

Capacity control should also account for the interaction between landside and
airside constraints. A terminal may possess sufficient processing positions while access
roads, kerb space, public transport platforms or parking payment points create arrival
peaks that reach the building in concentrated waves. On the airside, runway accep-
tance rates may remain adequate while stand occupancy prevents arriving aircraft from
reaching the terminal. An integrated capacity review therefore maps demand from the
regional access network through passenger processing to aircraft departure. This pre-
vents investment in a visible local bottleneck from merely transferring congestion to
the next element of the journey [42, 57].

Operational thresholds are more useful when they trigger predetermined re-
sponses. For example, a security queue threshold can activate staff redeployment,
opening of reserve lanes and revised passenger messaging; a baggage-system thresh-
old can initiate manual encoding positions and priority routing for short connections.
Thresholds should include both a warning level and a critical level so that action be-
gins before service failure becomes unavoidable. Their values must be calibrated from
observed demand, processing variability and the time required to mobilize additional
resources. Regular review is necessary because technology, passenger behaviour and
traffic composition change the relationship between an indicator and the resulting op-
erational risk [39, 43].

Infrastructure resilience is given by formula (89) [32]:

Kres = α
Qdist

Q0
+ (1− α)

T0
Trec

. (89)

Here, Kres is resilience, Qdist is retained capacity, Q0 is normal capacity, Trec is re-
covery time, T0 is target time and α is the continuity weight. The first term rewards
continued operation. The second rewards rapid restoration. The weight reflects man-
agement priorities. The coefficient supports contingency investment and post-incident
assessment.

Maintenance planning is an essential part of usable capacity. Equipment that
is nominally installed but frequently unavailable cannot be counted at its full design
rate. Airports should combine preventive maintenance, condition monitoring, spare-
parts policy and restoration targets for screening lanes, baggage conveyors, boarding

94



bridges, lifts, information systems and utilities. Planned closures should be coordinated
with the flight schedule and communicated to operational units in advance [48].
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CHAPTER 3

FORMATION OF PASSENGER FLOWS BETWEEN CITIES,
COUNTRIES AND CONTINENTS

Passenger flows are the observable result of decisions made by travellers, air-
lines, airports and public authorities. They arise from the spatial distribution of popu-
lation and economic activity, the generalized cost of travel, available frequencies, net-
work structure, visa and border conditions, service quality and the capacity of compet-
ing transport modes. A passenger flow is therefore not a fixed quantity attached to a
route but a time-dependent response to the opportunities and constraints of the complete
transport system [59, 61].

The analysis of flows requires several spatial scales. At the city-pair level, the
principal questions concern trip generation, destination choice and modal competition.
At the national level, the analyst studies the hierarchy of airports, domestic accessibility
and the effect of economic structure. At the intercontinental level, direct links, hub con-
nections and airline alliances determine how demand is distributed among alternative
paths. The same passenger can appear as local traffic at one airport and transfer traffic
at another, which makes consistent definitions essential [62, 68].

Forecasting connects observed demand with decisions about routes, fleets, ter-
minals and personnel. Short-term forecasts support resource allocation, while medium-
and long-term forecasts support schedule development and investment. Reliable anal-
ysis combines statistical data, network models, behavioural assumptions and scenarios.
It also recognizes structural breaks caused by economic crises, pandemics, geopolitical
restrictions or the entry of a new transport competitor [65, 74–76].
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3.1. Factors shaping demand for passenger air transport

Demand for passenger air transport is derived from the need to perform an activity at
another location. Business, tourism, education, labour migration, family visits, medical
travel and participation in events create different trip purposes and different sensitivities
to fare, time and reliability. The volume of potential journeys depends on population,
income, economic specialization, cultural links and the attractiveness of destinations.
Actual air demand emerges only when a feasible itinerary is available at a generalized
cost acceptable to the traveller [59, 60].

The trip-generation potential of city imay be represented by formula (90) [59]:

Oi = αP β1

i Y
β2

i Bβ3

i , (90)

where Oi is the number of generated air trips, Pi is population, Yi is income or
gross regional product per capita, Bi is an index of business and tourism activity, and
α, β1, β2, β3 are calibrated parameters. The multiplicative form allows elasticities to
be interpreted directly. A one-percent change in an explanatory variable changes de-
mand approximately by the corresponding exponent, other conditions remaining con-
stant. Calibration requires observations covering cities of different size and economic
structure.

Income influences both the ability to pay and the value assigned to travel time.
At low income levels, discretionary journeys are highly sensitive to fare. As income
increases, passengers may travel more frequently and choose faster or more flexible
products. Business demand is often less price-elastic than leisure demand, although cor-
porate travel policies and digital communication can alter this relationship. Aggregate
models should therefore distinguish passenger segments whenever data permit [61].

Fare elasticity is calculated by formula (91) [61]:

εp =
∆Q/Q

∆p/p
, (91)

where Q is passenger demand and p is the relevant fare. A negative value reflects
the usual inverse relationship between price and quantity demanded. The magnitude
depends on journey purpose, distance, advance-purchase period, market concentration
and the availability of substitutes. Elasticity should be estimated over a clearly defined
range because a single coefficient may not describe both normal pricing and extreme
disruption.
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Economic growth affects demand through employment, household expenditure,
investment and trade. Airport development can also influence regional activity by im-
proving accessibility, although causality may operate in both directions. Evaluation
must distinguish demand generated by existing regional growth from activity attracted
by improved connectivity. Evidence from regional airports shows that the effect de-
pends on complementary infrastructure and the capacity of local firms and tourism or-
ganizations to use the new accessibility [60, 68].

Population alone does not determine market size. The airport catchment area
depends on surface-access time, competing airports, border conditions and traveller
familiarity. A large city can divide its demand among several airports, whereas one
regional airport can serve many small settlements. Catchment boundaries are proba-
bilistic because passengers may select a more distant airport to obtain a lower fare, a
direct flight or a more convenient departure time.

The probability that passenger n selects airport or itinerary k can be expressed
by the logit model and is presented in formula (92) [61]:

Pnk =
exp(Vnk)∑
j∈Cn exp(Vnj)

, Vnk = θ1pnk + θ2tnk + θ3fnk + θ4qnk, (92)

where Cn is the passenger’s choice set, pnk is price, tnk is total travel time, fnk is fre-
quency and qnk is a service-quality variable. Parameters describe the marginal effect of
each attribute. The model converts itinerary utility into choice probabilities and can be
aggregated to forecast market shares. Correct specification of the choice set is essential
because passengers cannot select alternatives they do not know or cannot access.

Tourism demand is affected by destination image, accommodation capacity,
season, climate, exchange rates and event calendars. Visiting-friends-and-relatives traf-
fic reflects migration and diaspora links and can remain strong even when business de-
mand weakens. Educational and labour flows may concentrate at the beginning and end
of terms or work rotations. These differences explain why annual totals are insufficient
for designing schedules and airport resources.

The seasonal index for monthm is given by formula (93):

Sm =
Qm

Q
, Q =

1

12

12∑
m=1

Qm. (93)

An index above one identifies a month with demand above the annual monthly average.
The profile supports seasonal fleet assignment, staffing and marketing. It should be
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calculated separately for origin–destination and transfer passengers because their peaks
can differ. Several years of data are preferable so that an exceptional event does not
become a permanent seasonal factor.

Figure 12 illustrates a typical nonlinear relationship between regional income
and air-trip generation.
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Figure 12: Illustrative relationship between regional income and air-trip generation. Author’s calcu-
lation based on [60, 68]

Description of the graph. The curve indicates that air-trip generation increases
faster after the regional income index passes approximately 100. At lower income lev-
els, most additional resources are directed toward essential consumption and the in-
crease in air travel is moderate. Higher income expands discretionary tourism and raises
the value of time, making air transport more attractive. The relationship is illustrative
and does not imply that income alone causes the observed demand. Population struc-
ture, fares, connectivity and destination attractiveness must be included in an empirical
model.

Transport competition changes the effective market. High-speed rail can reduce
air demand onmedium-distance routes while also feeding long-haul flights when sched-
ules and terminals are integrated. Road transport remains important where airports are
distant or frequencies are low. The relevant comparison concerns door-to-door time,
total cost and reliability rather than line-haul speed alone [65].

The effective demand captured by air transport can be estimated as formula (94):

Qair
ij = Qpot

ij Pmode
ij P airport

ij P itinerary
ij , (94)

where Qpot
ij is the total travel market and the three probabilities describe successive
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mode, airport and itinerary choices. The decomposition prevents the potential market
from being confused with passengers who will actually use a specific flight. Each prob-
ability can be estimated from observed choices or a discrete-choice model. The result
supports sensitivity analysis of fares, access improvements and schedule changes [61,
65].

Cross-price elasticity between air service a and competing alternative b is given
by formula (95):

εab =
∆Qa/Qa

∆pb/pb
. (95)

A positive coefficient indicates substitution, whereas a negative value can occur when
the services are complementary, as in rail feeding a long-haul airport. The coefficient
should be estimated for a specified market and time horizon. It helps predict the redis-
tribution of passengers after a competitor changes its fare or capacity.
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Figure 13: Illustrative relationship between fare level and passenger demand. Author’s calculation
based on [61]

Description of the graph. Passenger demand declines as the average fare in-
dex increases. The slope becomes particularly important in the middle of the observed
range, where a moderate fare change produces a substantial traffic response. Demand
does not fall to zero because some passengers have limited substitutes or a high value
of time. The curve represents an aggregate market and may conceal different elastici-
ties for business and leisure passengers. Practical forecasting should therefore segment
demand and test competitor responses.
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Table 10: Principal determinants of passenger air-transport demand

Factor group Representative variables Expected analytical role

Socio-economic Population, income, employment and
business activity

Determines trip-generation potential

Spatial Distance, airport access and competing
destinations

Defines feasible markets and general-
ized cost

Service Fare, frequency, directness, reliability
and quality

Influences itinerary and mode choice

Institutional Visa rules, borders, taxes and traffic
rights

Enables or restricts movement

Temporal Season, events, school terms and
shocks

Produces peaks and structural changes

Forecasting demand requires separation of correlation and causality. A high as-
sociation between passenger traffic and regional output does not show whether aviation
generates growth, responds to growth or shares a third cause. Panel data, natural experi-
ments and time-series causality tests improve interpretation. The selected method must
correspond to the decision: route launch requires a market forecast, whereas public
investment appraisal requires evidence of additional social benefit [60, 68].
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3.2. Modeling passenger flows between cities and countries

Passenger-flow modelling translates the characteristics of origins, destinations and
transport services into an origin–destination matrix. The matrix records journeys be-
tween places rather than aircraft movements between airports. This distinction matters
in multi-airport regions and connecting networks because one city pair may use sev-
eral airports and several flight paths. Models range from aggregate gravity relations to
disaggregate itinerary-choice and network-assignment models [59, 61].

The basic gravity model is given by formula (96) [59]:

Qij = K
Mα

i M
β
j

Gγ
ij

, (96)

whereQij is passenger flow,Mi andMj are origin and destination masses,Gij is gener-
alized separation, andK,α, β, γ are estimated parameters. Population, income, tourism
capacity or composite activity indicators can represent mass. Generalized separation
can include fare, elapsed time, frequency and border friction. Logarithmic transforma-
tion permits estimation by regression, although count-data models are often preferable
when many city pairs have small or zero flows.

International flows require variables that do not appear in a purely domestic
model. Common language, historical ties, migration stocks, bilateral trade, visa regimes
and exchange rates canmaterially change demand. A long-distance city pair with strong
diaspora links may generate more travel than a closer pair with similar population.
Country-level variables should not replace city-level accessibility because national de-
mand is distributed unevenly among metropolitan regions [62, 68].

A constrained origin–destination model preserves known trip totals and is pre-
sented in formula (97):

Qij = AiOiBjDjf(Gij), (97)

where Oi and Dj are origin and destination totals, while Ai and Bj are balancing fac-
tors. Iterative proportional fitting adjusts the matrix until row and column totals match
observed constraints. The method is useful when aggregate departures and arrivals are
reliable but individual city-pair observations are incomplete. Its limitation is that the
resulting pattern still depends on the selected deterrence function.

Itinerary choice distributes city-pair demand among direct and connecting al-
ternatives. Relevant attributes include fare, departure time, elapsed time, connection
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airport, number of stops, airline identity and expected reliability. Price is endogenous
because airlines set fares partly in response to demand and competition; ignoring this re-
lationship can bias estimated passenger preferences [61]. Service quality and perceived
value also affect behavioural intention and should be incorporated when the forecast
concerns market share rather than total trip generation [82, 87, 90].

The passenger flow assigned to itinerary r is given by formula (98):

qijr = Qij
exp(Vijr)∑

s∈Rij
exp(Vijs)

, (98)

whereRij is the set of available itineraries. The sum of assigned itinerary flows equals
total city-pair demand. Nested or mixed-logit specifications may be needed when alter-
natives share flights, airports or airlines and therefore are not independent. Assignment
results support frequency planning, connection design and estimates of transfer traffic.

Network representation adds structural information. Airports are nodes and di-
rect services are edges, while frequency, capacity, time or fare form edge weights. De-
gree measures direct connectivity, centrality identifies strategically positioned airports,
and community detection reveals regional subnetworks. The evolution of the Southeast
Asian network demonstrates how economic integration and airline strategies can alter
network hierarchy over time [62].

The weighted shortest-path impedance is given by formula (99):

G∗
ij = min

r∈Rij

(∑
a∈r

ca +
∑
h∈r

πh

)
, (99)

where ca is the cost of flight or surface segment a, and πh is a transfer penalty at hub
h. The minimum identifies the least-generalized-cost path rather than necessarily the
shortest geographic path. Capacity constraints can be added so that excessive demand
increases cost or is assigned to another route. The model supports evaluation of new
links and network disruptions.
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Figure 14: Illustrative assignment of direct and connecting passenger flows in an airport network

Description of the graph. The scheme represents four spoke cities connected
through hub H and a direct alternative between A and B. Numbers on the links illustrate
generalized impedance rather than geographic distance. The connection through H has
a combined link impedance of 280 before the transfer penalty is added. Passengers
choose the direct or connecting path according to total utility, schedule and available
capacity. The same structure can be expanded to a large weighted graph for national or
international flow assignment.

Model validation compares predicted and observed matrices. Aggregate accu-
racy can hide large errors on strategically important routes, so evaluation should include
absolute error, percentage error, rank correlation and spatial residuals. Zero-flow pairs
need separate treatment because a percentage error is undefined. Validation should use
a later time period or held-out markets rather than the observations used for calibration.

For count-valued passenger flows, the Poisson log-likelihood can be written as
formula (100):

ℓ(θ) =
∑
i,j

[
Qij ln Q̂ij(θ)− Q̂ij(θ)− ln(Qij!)

]
. (100)

Maximizing this expression estimates parameters without requiring logarithms of zero
flows. Overdispersion should be tested because passenger-flow variance often exceeds
the Poisson mean. A negative-binomial specification is preferable when unobserved
market heterogeneity is substantial [59].

Flow conservation at intermediate airport h requires the condition stated in for-
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mula (101): ∑
a∈δ−(h)

qa + qorigh =
∑

a∈δ+(h)

qa + qdesth , (101)

where incoming and outgoing assigned flows are balanced after local origins and desti-
nations are included. The constraint prevents a network model from creating or losing
passengers at transfer nodes. Capacity constraints can then limit individual links or
processing facilities.
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Figure 15: Illustrative comparison of observed and predicted city-pair passenger flows

Description of the graph. Points close to the dashed diagonal indicate accurate
predictions. The model performs consistently across most medium- and high-volume
markets. Several small markets show larger relative errors even though their absolute
deviations remain modest. Systematic placement above or below the diagonal would
indicate forecast bias. Validation should combine this visual assessment with numerical
metrics and analysis of spatial residuals.

The root mean squared error is given by formula (102):

RMSE =

√√√√ 1

N

∑
(i,j)

(
Q̂ij −Qij

)2
. (102)

Large errors receive greater weight because they are squared. Mean absolute error
should be reported alongside RMSE to show whether the result is driven by a small
number of major markets. Segment-level validation is required for domestic, interna-
tional, direct and connecting demand. A model is acceptable only when its accuracy is
sufficient for the planning decision.
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Table 11: Comparison of passenger-flow modelling approaches

Approach Principal strength Principal limitation

Gravity model Transparent relation between mass and
separation

Limited representation of individual
choice

Constrained matrix Preserves known origin and destination
totals

Depends on deterrence-function as-
sumptions

Discrete choice Represents fare, time and service pref-
erences

Requires detailed itinerary and passen-
ger data

Network assignment Captures alternative paths and capacity Sensitive to impedance and transfer
penalties

Machine learning Models nonlinear interactions Can be difficult to interpret outside
training data

Uncertainty should be propagated through the model rather than hidden in one
forecast. Population, income, fares and service attributes can be represented by distri-
butions or scenarios. Repeated simulation produces a range for each city-pair flow and
identifies routes whose business case is robust. Transparent assumptions are especially
important for thin markets, where a small absolute change can determine whether a
viable frequency can be offered.
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3.3. Intercontinental connections, hub airports and transfer flows

Intercontinental networks combine a limited number of long-haul services with regional
feeder flows. Hub-and-spoke organization allows an airline to connect many origin–
destination markets without operating every city pair directly. The resulting economies
of density can support larger aircraft and higher frequencies, but passengers incur trans-
fer time and the network becomes sensitive to disruption at central airports [62, 68].

The theoretical number of directional city pairs connected through a hub with
n spokes is given by formula (103):

NOD = n(n− 1). (103)

This value describes connectivity potential rather than actual demand. Useful connec-
tions require compatible arrival and departure times, sufficient capacity and acceptable
minimum connecting time. A hubwithmany destinations but poorly coordinated sched-
ules can provide less practical connectivity than a smaller, well-banked network.

Transfer flows are produced by schedule banks. Feeder aircraft arrive within a
defined interval, passengers and baggage are processed, and onward flights depart in
another interval. Concentrated banks improve connection availability but create peaks
at runways, stands, security facilities and baggage systems. More even schedules re-
duce peaks but may lengthen passenger waiting and weaken the number of feasible
connections.

The connection-feasibility indicator is given by formula (104):

Iab =

1, MCT ≤ tdepb − tarra ≤MCT +Wmax,

0, otherwise,
(104)

whereMCT is minimum connecting time andWmax is the maximum acceptable addi-
tional waiting interval. Summing Iab across arrival and departure pairs measures sched-
ule connectivity. The minimum time must reflect terminal layout, border and security
procedures, baggage transfer and passenger mobility. A published value that cannot be
achieved reliably creates missed connections and unstable flows.

Hub choice depends on location, airline network, airport capacity, bilateral
rights and total itinerary quality. Passengers can bypass a geographically convenient
hub when another offers a lower fare or more reliable schedule. Alliances and joint ven-
tures widen the set of coordinated itineraries, while self-connectivity allows passengers
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to combine independent tickets at their own risk. The growth of self-connecting mar-
kets changes terminal circulation andmay create baggage-reclaim and re-check demand
not visible in traditional airline records [62, 73].

The proportion of transfer passengers at airport h is given by formula (105):

τh =
P tr
h

P loc
h + P tr

h

× 100%. (105)

A high value indicates dependence on connecting flows and airline network strategy.
Local and transfer passengers use infrastructure differently, so total volume alone is in-
sufficient for terminal planning. Transfer traffic can be redirected rapidly after schedule
restructuring, making a hub more exposed than an airport with a large local catchment.

Intercontinental flows are asymmetric when economic activity, tourism and mi-
gration differ between endpoints. Directional imbalance varies by season and can af-
fect seat availability and fares. Airlines use revenue management, schedule timing and
connecting traffic to improve load factors in both directions. Cargo revenue may also
influence long-haul viability even when the present analysis focuses on passengers.
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Figure 16: Illustrative distribution of transfer passengers among hub connection banks

Description of the graph. The evening bank contains the largest transfer flow
and therefore determines a major part of peak terminal demand. The morning bank is
also substantial, while midday traffic is more moderate. A small night bank may still be
operationally important when public transport and staffing are limited. Concentration
improves the number of possible connections but increases the need for reserve capacity.
Schedule evaluation must therefore balance network connectivity with runway, stand,
terminal and baggage constraints.
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The vulnerability of hub h can be represented by formula (106):

Vh =
∑
f∈Fh

P conn
f Pr(Df > MCTf), (106)

where P conn
f is the number of connecting passengers exposed to flight f and the proba-

bility term describes a missed-connection risk. The indicator weights operational unre-
liability by passenger consequences. It supports prioritization of connection protection,
reserve gates and rebooking resources.

The weighted connectivity supplied by hub h is given by formula (107):

CIh =
∑
a∈Ah

∑
b∈Dh

Iab fafb e
−ρwab, (107)

where fa and fb are arrival and departure frequencies and wab is passenger waiting
time. The exponential term reduces the value of connections with excessive waiting.
The parameter ρ reflects passenger sensitivity and can vary by trip purpose. The index
supports comparison of alternative bank structures [62, 73].

If arrival delay is normally approximated, the probability of completing con-
nection ab is given by formula (108):

P succ
ab = Φ

(
tdepb − tarra −MCT − µD

σD

)
, (108)

where Φ is the standard normal distribution function and µD, σD describe arrival-delay
behaviour. Greater schedule buffer increases success probability but also lengthens the
itinerary. Empirical delay distributions should replace the normal approximation when
they are strongly asymmetric.
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Figure 17: Illustrative influence of schedule buffer on connection reliability

Description of the graph. Connection reliability rises rapidly when the first
thirty minutes of additional buffer are introduced. Further increases continue to im-
prove reliability but with diminishing benefit. Very short buffers expose passengers to
ordinary arrival variability and baggage-transfer delay. Excessive buffers protect the
connection but reduce itinerary attractiveness. Hub scheduling should therefore select
a buffer that balances passenger time and missed-connection cost.

Pandemic-related network changes demonstrated that connectivity and traffic
can contract unevenly across regions. Central airports may lose a large number of in-
direct city-pair links even when some direct flights remain. Recovery paths depend
on domestic demand, border policy, airline finances and the order in which feeder and
long-haul services return [74–76]. Scenario planning should therefore examine network
structure rather than restoring only aggregate passenger totals.

Table 12: Advantages and risks of hub-based intercontinental networks

Dimension Advantage Risk

Connectivity Many city pairs with limited direct ser-
vices

Dependence on timetable coordination

Economics Concentration supports frequency and
aircraft size

High exposure to loss of feeder demand

Passenger service Broad destination choice on one net-
work

Transfer time and missed connections

Infrastructure Repeated use of specialized hub facili-
ties

Severe bank peaks and baggage com-
plexity

Resilience Possibility of rerouting through partner
hubs

Disruption propagation across conti-
nents
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Hub development should not be evaluated solely by transfer share. A sustain-
able hub requires competitive geographic position, adequate local demand, reliable op-
erations, scalable infrastructure and an airline strategy capable of maintaining coordi-
nated banks. Public investment based on optimistic connecting flows is risky because
transfer passengers can change hubs without changing their origin or destination. The
strongest business case combines network value with a resilient local market.
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3.4. Seasonality, forecasting and spatial distribution of passenger
flows

Passenger flows vary by hour, day, month and year. Their temporal pattern reflects
work and school calendars, tourism seasons, public holidays, events, airline schedules
and weather. Spatial distribution changes simultaneously because different destinations
reach their peaks at different times. A forecasting model must therefore preserve both
total demand and its allocation among routes, airports and time intervals [66, 68].

An additive time-series decomposition is given by formula (109):

Qt = Tt + St + Ct + εt, (109)

where Tt is trend, St is seasonality, Ct is a cyclical component and εt is irregular vari-
ation. A multiplicative form is preferable when seasonal amplitude grows with traffic.
Decomposition helps distinguish a permanent change from a normal seasonal decline.
Operational forecasts require finer intervals than strategic forecasts, but both should use
consistent historical definitions.

Classical time-series models use lags of traffic and forecast errors. Explana-
tory models add income, fare, exchange rate, capacity, events and competing-mode
variables. Machine-learning methods can capture nonlinear interactions, while graph-
based models represent dependence among airports or routes. No method is universally
superior: performance depends on horizon, data volume, structural stability and the cost
of forecast error [63, 64, 66, 67].

The one-step autoregressive forecast is given by formula (110):

Q̂t+1 = c+

p∑
k=1

ϕkQt+1−k + βTxt+1, (110)

where p is lag order and xt+1 contains known or forecast explanatory variables. Lag
selection should avoid both omitted dynamics and excessive parameterization. Residual
autocorrelation indicates that useful temporal structure remains unexplained. Rolling-
origin validation reproduces the information that would have been available at each
historical forecast date.

Spatial dependence arises because neighbouring airports compete, feeder flows
support hubs and common shocks affect connected markets. A route forecast made in-
dependently can violate network constraints or miss propagation. Graph convolution
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and diffusion models treat observations as signals on nodes and use a weighted adja-
cency matrix to exchange information among related locations [63, 64, 67, 71, 72].

A generic spatial–temporal layer is given by formula (111):

H(l+1)
t = σ

(
K∑
k=0

ÃkH(l)
t−kW

(l)
k

)
, (111)

where Ã is a normalized airport-relationmatrix,H contains traffic features,W contains
learned weights and σ is an activation function. Themodel combines temporal lags with
information from connected nodes. The adjacencymatrix may represent direct services,
geographic proximity, common passenger markets or empirically learned dependence.
Interpretability requires testing whether learned connections correspond to plausible
transport relations.

Forecast accuracy must be evaluated at the scale at which decisions are made.
A low network-wide error may coexist with an unacceptable error for a constrained
hub or a prospective route. Mean absolute error is easy to interpret, RMSE penalizes
large deviations and mean absolute percentage error facilitates comparison but behaves
poorly near zero. Quantile loss is appropriate when staffing or capacity decisions re-
quire upper-demand forecasts.

The symmetric mean absolute percentage error is given by formula (112):

sMAPE =
100%
N

N∑
t=1

2|Qt − Q̂t|
|Qt|+ |Q̂t|

. (112)

The bounded denominator reduces the instability of ordinary percentage error for small
values, although zero observations still require attention. Metrics should be reported
by horizon, airport size, season and disruption condition. A forecast used for peak
resources should also be assessed by its ability to predict threshold exceedance.

A two-sided forecast interval can be approximated by formula (113):

Q̂t+h ± z1−α/2σ̂h, (113)

where σ̂h is the forecast-error standard deviation at horizon h. The interval normally
widens with the horizon because uncertainty accumulates. Empirical quantiles or boot-
strap simulation should be used when forecast errors are non-normal. Capacity deci-
sions may use an upper quantile rather than the central estimate [66, 77].

Spatial autocorrelation of airport forecast residuals is assessed byMoran’s statis-
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tic and is presented in formula (114):

I =
N∑

i

∑
j wij

∑
i

∑
j wij(ei − ē)(ej − ē)∑

i(ei − ē)2
. (114)

A positive value indicates that neighbouring or connected airports tend to have errors
with the same sign. Such a pattern shows that the model has omitted a spatially shared
factor. Theweightswij should represent ameaningful relationship such as direct service
or overlapping catchment areas [63, 64].
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Figure 18: Illustrative growth of passenger-flow forecast error with the forecast horizon

Description of the graph. Forecast error increases steadily as the horizon ex-
pands from one to twelve months. Near-term predictions benefit from observed book-
ings, schedules and recent traffic conditions. Longer horizons depend more strongly on
uncertain economic, competitive and seasonal assumptions. The curve justifies using
wider prediction intervals for strategic decisions. Forecast accuracy should always be
reported separately for each horizon rather than as one combined average.
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Figure 19: Illustrative seasonal passenger-flow profile and forecast

Description of the graph. The observed series reaches its maximum during July
and remains high in August. The forecast reproduces the seasonal shape but slightly
underestimates the summer peak. Differences are smaller during shoulder months and
increase where demand changes rapidly. Such a forecast may be adequate for annual
planning but require a safety margin for peak staffing. Repeated validation determines
whether the summer underestimation is systematic or random.

Structural breaks require explicit treatment. The pandemic changed the scale
and spatial distribution of the world air network rather than producing an ordinary sea-
sonal residual [74–76]. Models trained only on stable growth can recover slowly af-
ter such a break. Analysts can use intervention variables, regime-switching models,
scenario ranges and shorter calibration windows. Historical relationships should be
re-estimated when passenger behaviour, borders or airline capacity strategies change.

Table 13: Forecasting methods for passenger-flow planning

Method Suitable use Required caution

Seasonal decomposition Transparent baseline and recurring
peaks

Weak response to structural breaks

Econometric regression Causal and scenario interpretation Requires forecasts of explanatory vari-
ables

ARIMA and state space Short- and medium-term temporal dy-
namics

Limited spatial representation

Graph neural network Network-wide nonlinear forecasting High data and validation requirements
Scenario method Strategic uncertainty and disruptions Does not assign objective probabilities

automatically
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Forecast governance is as important as algorithm selection. Every forecast
needs a reference date, data version, horizon, responsible owner and documented as-
sumptions. Operational units should record overrides and later compare them with
model output. A forecast that is frequently adjusted can still be useful if human changes
add measurable information. Continuous monitoring protects decisions from silent de-
terioration when the market evolves [77–81].
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3.5. Methods of collecting and analysing passengermovement data

Passenger-flow analysis combines administrative, commercial, operational and ob-
servational data. Ticket and reservation records describe intended itineraries, while
departure-control records describe passengers accepted for a flight. Airport systems
record check-in, security, boarding and baggage milestones. Surveys add journey pur-
pose, access mode and satisfaction, and mobile or sensor data can reveal movement
through space. No source is complete, so data integration must begin with explicit def-
initions and quality controls [69, 70].

The completeness of dataset d is given by formula (115):

Cd =
N valid

d

N required
d

× 100%. (115)

A field can be present but still invalid because of an impossible timestamp, unknown
airport code or inconsistent passenger status. Completeness should therefore be eval-
uated together with accuracy, timeliness, consistency and uniqueness. Critical fields
include origin, destination, itinerary, flight date, passenger category and event time.

Booking data represent demand that may later cancel, change or fail to appear.
Boarding data represent realized flight use but can hide the passenger’s true origin and
final destination when tickets are separate. Airport throughput counts include transfer
passengers differently depending on the reporting convention. Analysts must distin-
guish passengers, journeys, flight legs and airport processing events before combining
tables.

Trajectory sources such as ADS-B provide aircraft movement rather than pas-
senger counts, yet they help reconstruct operated networks, schedule reliability and
travel times. The OpenSky dataset and open aircraft-performance models demon-
strate how crowdsourced surveillance data can support reproducible air-transport re-
search [69, 70]. Coverage, receiver density and aircraft equipage create spatial bias, so
missing observations must not automatically be interpreted as cancelled flights.

The linkage rate between two systems is given by formula (116):

LR =
Nmatched

Neligible
× 100%. (116)

Deterministic linkage uses stable identifiers, while probabilistic linkage combines flight
number, date, airport, time and other attributes. False matches can distort connection
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and delay analysis. Linkage quality should be tested manually on a sample and reported
with the resulting dataset.

Passenger surveys remain necessarywhen administrative systems do not contain
purpose, income, airport-choice reasons or perceived quality. Samplingmust cover time
periods, airlines, destinations and passenger categories. Online surveys are efficient but
may exclude travellers with limited digital access. Stated-preference experiments can
evaluate a future route or service attribute that is not yet observable, but hypothetical
responses require careful experimental design [82, 87, 90].

Automated border and biometric systems generate high-resolution process
timestamps but involve sensitive personal data. Collection should follow purpose lim-
itation, access control, retention and security requirements. Facial-recognition accep-
tance depends not only on processing speed but also on perceived security, benefits and
trust [83]. Research datasets should use aggregation or pseudonymization and should
not retain identity fields merely because they are technically available.

Passenger counts can be expanded from a sample by formula (117):

Q̂ij =
∑
n∈sij

wn, wn =
1

πn
, (117)

where sij is the sample of observed passengers and πn is inclusion probability. Strat-
ification improves precision when traffic varies strongly by period or passenger type.
Non-response adjustment is required when participation correlates with travel charac-
teristics. Reported estimates should include confidence intervals rather than only ex-
panded totals.

Reservation and
ticket data

Operational and
sensor data

Survey and
context data

Validation, linkage
and anonymization

Origin–destination matrix
and analytical indicators

Figure 20: Integrated process for constructing a passenger-flow dataset

Description of the graph. Three source groups enter a common validation and
integration stage. Reservation data describe intended travel, operational data record
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realized events and surveys provide behavioural context. Linkage resolves common
flights or journeys while anonymization limits privacy risk. The resulting dataset sup-
ports origin–destination matrices and performance indicators. Quality documentation
must remain attached to the output so that later users understand its limitations.

Exploratory analysis begins with distributions, missingness, outliers and tem-
poral coverage. Spatial visualization can reveal impossible movements or airport-code
errors. Network analysis identifies central nodes and communities, while clustering
groups markets with similar seasonality or growth. Text analysis of reviews can sup-
plement measured behaviour with passenger perceptions, but it should not be treated as
a representative traffic sample [87, 90].

The consistency error between ticketed and boarded totals is given by for-
mula (118):

Ec =
|Qticket −Qboard|

max(Qticket, Qboard)
. (118)

The indicator flags records requiring investigation but does not specify the cause. Legit-
imate differences arise from cancellations, no-shows, rebooking and infant-count con-
ventions. Quality rules should therefore combine numerical thresholds with process
knowledge.

The standardized anomaly score for observation xn is given by formula (119):

zn =
xn −median(x)
1.4826MAD(x)

, (119)

whereMAD is the median absolute deviation. The robust denominator is less affected
by extreme traffic observations than the ordinary standard deviation. Large absolute
scores identify records for investigation rather than automatic deletion. Events, diver-
sions and disruptions can create valid extremes [69].

A composite data-quality index is given by formula (120):

DQ =
K∑
k=1

ωkdk,
K∑
k=1

ωk = 1, (120)

where dk are normalized completeness, accuracy, timeliness, consistency and unique-
ness scores. The aggregate supports monitoring across data deliveries, while individ-
ual components reveal the reason for deterioration. Critical safety or privacy failures
should remain hard constraints and must not be compensated by strong results in other
dimensions.
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Figure 21: Illustrative quality profile of an integrated passenger-flow dataset

Description of the graph. Uniqueness and completeness have the highest scores
in the illustrative dataset. Timeliness is the weakest dimension and may limit real-time
operational use. Accuracy and consistency remain acceptable but still require targeted
validation. A single average score would conceal the specific delay in data delivery.
The profile therefore supports corrective action by the organization responsible for each
quality dimension.

Table 14: Passenger-flow data sources and analytical uses

Source Main information Typical limitation

Reservations and tickets Intended itinerary, fare and booking
time

Changes, cancellations and separate
tickets

Departure control Accepted and boarded passengers Limited door-to-door context
Airport process systems Terminal timestamps and resource use Fragmented identifiers across organi-

zations
Surveys Purpose, preferences and access mode Sampling and response bias
ADS-B and schedules Operated network and aircraft move-

ment
No direct passenger count

Data stewardship requires a catalogue specifying owner, definition, update fre-
quency, legal basis and quality threshold for every field. Version control is necessary be-
cause corrected historical data can changemodel estimates. Reproducible scripts should
transform raw records into analytical tables without undocumentedmanual steps. These
practices allow forecasting results to be audited and updated when new observations be-
come available.
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3.6. Scenario forecasting and the development of a prospective
route network

A prospective route network is a set of services that can be operated sustainably un-
der future demand, fleet, airport and regulatory conditions. Development begins with
market identification but must also test schedule connectivity, aircraft economics, com-
petitive response and network effects. A route with sufficient annual passengers can
still fail when demand is highly seasonal or when an acceptable frequency cannot be
offered [74, 81].

The unconstrained passenger potential of route i is converted into expected air-
line demand by formula (121):

Dair
i = Dmarket

i sairporti smode
i scarrieri , (121)

where the three shares represent airport, mode and carrier choice. Each share should be
estimated consistently with available alternatives. Multiplying optimistic shares with-
out accounting for correlation can overstate demand. Sensitivity analysis identifies
which assumption has the greatest effect on the business case.

Route feasibility depends on revenue exceeding operating and allocated fixed
costs. A simplified break-even load factor is given by formula (122):

LFBE =
Cf

Sfyf
, (122)

whereCf is flight cost, Sf is offered seats and yf is average net passenger yield. Ancil-
lary and cargo revenue can be included in the denominator or deducted from cost. The
estimate must reflect directional and seasonal variation because an annual average can
conceal unprofitable periods.

Scenario forecasting avoids dependence on one deterministic future. A baseline
scenario can extend central economic and demographic assumptions; an optimistic sce-
nario can combine faster growth and improved connectivity; a constrained scenario can
represent recession, regulation, airspace closure or limited fleet availability. Pandemic
recovery studies show that the sequence of market reopening and airline response can
matter as much as the final macroeconomic level [74–76].
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For scenario s, expected flow is given by formula (123):

Q
(s)
ij = Q0

ij

K∏
k=1

(
1 + g

(s)
k

)ηk
, (123)

where g(s)k is the scenario change in driver k and ηk is demand sensitivity. The multi-
plicative form preserves positive flows and makes assumptions transparent. Correlated
drivers should be specified coherently; for example, income growth, business activity
and fare may not change independently.

Candidate routes compete for aircraft, slots and management attention. Selec-
tion is therefore a portfolio problem rather than a sequence of isolated route studies. Cri-
teria can include demand, profitability, strategic connectivity, seasonality, competition,
operational complexity and regional benefit. Multi-criteria scoring supports transparent
comparison, while mathematical optimization enforces fleet and schedule constraints.

The binary route-selection model is given by formula (124):

max
∑
r∈R

(
Πr + λCnet

r + µBreg
r

)
xr, (124)

subject to aircraft-hour, slot, budget and risk constraints, where xr equals one when
route r is selected. Πr is expected profit, Cnet

r is network-connectivity value and Breg
r

is a regional-benefit indicator. Weights should be approved by the decision maker and
tested for sensitivity. A public authority and a private airline will normally apply dif-
ferent weights.

Disruption resilience must be included during network design. Integrated re-
covery research shows that aircraft, passengers and schedules interact after a distur-
bance [85, 86, 88]. A tightly utilized fleet can produce attractive planned economics
but large downstream losses. Prospective schedules should include turnaround, main-
tenance and connection buffers based on observed variability rather than arbitrary per-
centages.
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Figure 22: Illustrative screening of prospective routes by demand and contribution

Description of the graph. Each point represents a candidate route with a dif-
ferent combination of annual passengers and expected contribution. The dashed line
provides a simplified screening benchmark rather than an automatic decision bound-
ary. Routes above the line maymerit detailed schedule and risk analysis. A low-volume
route can remain strategically valuable when it provides unique connectivity or regional
access. Final selection must therefore combine quantitative screening with network and
policy considerations.

New-route forecasts should include ramp-up. Awareness, distribution, corpo-
rate agreements and connecting schedules develop over time, so first-year demand may
remain below mature potential. Conversely, introductory fares can temporarily inflate
bookings. A ramp-up curve should be calibrated from comparable route launches and
reviewed after each season.

The maturity adjustment is given by formula (125):

Qr,t = Qmature
r

(
1− e−κrt

)
, (125)

where κr controls the speed of market development. The expression approaches mature
demand gradually. Marketing, frequency and network feed can change the parameter,
so it should not be treated as a universal constant.

The net present value of prospective route r is given by formula (126):

NPVr = −Ir +
T∑
t=1

Rr,t − Cr,t

(1 + d)t
, (126)

where Ir is launch expenditure, Rr,t is revenue, Cr,t is operating cost and d is the dis-
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count rate. Positive NPV indicates that the route covers the required return under the
selected assumptions. Scenario-specific demand, yield, fuel and exchange-rate inputs
should be applied rather than one average case.

A robust portfolio objective can maximize the worst scenario result and is pre-
sented in formula (127):

max
x

min
s∈S

∑
r∈R

Π(s)
r xr. (127)

This criterion favours a network that remains acceptable under adverse conditions. It
can be conservative when one scenario is extremely unlikely, so expected-value and
regret measures should also be reviewed. The formulation is useful when fleet commit-
ments are difficult to reverse [74–76].
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Figure 23: Illustrative scenarios for passenger development on a prospective route

Description of the graph. The optimistic scenario produces rapid and contin-
uous growth over the six-year period. Baseline demand increases more gradually and
represents the central planning case. The constrained scenario initially declines before
a partial recovery begins. Aircraft and schedule decisions should remain feasible across
this range rather than depend only on the optimistic trajectory. Monitoring actual traffic
against the scenarios provides an early signal for frequency or marketing adjustment.
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Table 15: Stages in developing a prospective air-route network

Stage Main analysis Decision output

Market screening Origin–destination demand and leakage Long list of candidate routes
Service design Frequency, timetable, aircraft and con-

nections
Feasible operating concept

Financial appraisal Yield, cost, ramp-up and scenarios Route business case
Network appraisal Feed, cannibalization and strategic

value
Portfolio priority

Implementation review Booking, yield and operational perfor-
mance

Continue, modify or withdraw

Passenger acceptance also depends on the service delivered after launch.
Value for money, reliability and satisfaction influence repeat purchase and word-of-
mouth [82, 87, 90]. Boarding design and seat or baggage policies can affect operational
performance and perceived quality [84, 89]. Route monitoring should therefore com-
bine bookings and revenue with punctuality, misconnections, complaints and passenger
feedback.

The prospective network should be revised as evidence accumulates. Monthly
monitoring supports tactical adjustment, seasonal review supports frequency and air-
craft changes, and annual review updates the strategic portfolio. Routes should not be
retained solely because their original forecast was optimistic, nor withdrawn because of
a temporary disturbance without examining recovery potential. A disciplined cycle of
forecast, implementation, measurement and revision converts route development into a
learning process.

125



CHAPTER 4

ORGANIZATION OF PASSENGER AND BAGGAGE CARRIAGE

The organization of passenger and baggage carriage converts an airline sched-
ule into a sequence of services experienced by an individual traveller. Reservation,
payment, check-in, document control, security screening, boarding, cabin service, ar-
rival and baggage delivery must operate as one continuous process. Each stage has its
own resources and legal requirements, but failures are transferred downstream through
queues, missed departures, baggage irregularities and inconsistent passenger informa-
tion [91, 94].

Digital channels have expanded passenger choice and reduced routine transac-
tion time. At the same time, automation transfers some tasks to passengers and creates
new requirements for accessibility, identity assurance, cybersecurity and exception han-
dling. A successful process does not merely maximize self-service use; it provides a
clear transition to trained personnel when documents, payments, baggage or individual
needs cannot be handled automatically [92, 99].

The operational objective is safe and punctual completion of the journey at a
predictable level of quality. Productivity indicators must therefore be interpreted to-
gether with passenger satisfaction, first-time-right performance and recovery capabil-
ity. The mathematical models in this chapter formalize capacity, waiting, boarding,
baggage traceability and service-quality relationships using the research represented by
sources [91]–[105].
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4.1. Reservation, ticketing and information services

Reservation begins when a passenger searches for an itinerary and ends when a con-
firmed transportation document and related service records are created. The process in-
cludes availability display, fare selection, passenger-data entry, optional services, pay-
ment authorization, ticket issuance and notification. Information must remain consis-
tent across the airline website, mobile application, travel agency, call centre and airport
systems. A discrepancy in fare conditions, baggage allowance or schedule can create
later disputes even when the flight itself operates normally [91, 98].

The conversion rate from search to confirmed booking is given by for-
mula (128):

CR =
Nbook

Nsearch
× 100%, (128)

whereNsearch is the number of eligible itinerary searches andNbook is confirmed book-
ings. The indicator should be segmented by channel, device, market and itinerary type.
A low value may indicate uncompetitive price, inconvenient schedule, poor interface
design or payment failure. Conversion alone is insufficient because an interface can
increase sales while creating later servicing costs.

Seat inventory is controlled by booking class and forecast demand. Accepting
a request uses capacity that may otherwise be sold later at a different fare. The airline
therefore balances immediate revenue against the opportunity cost of closing future
demand. Restrictions such as advance purchase, change conditions and minimum stay
separate passenger segments with different willingness to pay.

The expected marginal seat revenue for class c can be written as formula (129):

EMSRc = yc Pr(Dc > xc), (129)

where yc is net yield,Dc is future demand and xc is the number of seats protected for the
class. Capacity is protected while the expected marginal revenue exceeds the revenue
available from the next class. Forecast error must be monitored because excessive pro-
tection leaves empty seats, while insufficient protection displaces high-value demand.

The booking balance for flight f at time t is given by formula (130):

Bf(t) = Bf(0) + Rf(t)− Cf(t)−Xf(t), (130)

whereRf is new reservations,Cf is cancellations andXf is changes transferred to other
flights. Net bookings should be analysed by departure horizon because cancellation and
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change behaviour varies as departure approaches. A booking curve supports demand
monitoring and identifies deviations from comparable flights.
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Figure 24: Illustrative booking curve before flight departure

Description of the graph. Confirmed bookings increase gradually during the
early sales period and accelerate during the final month. The current flight remains
above the reference curve at every observation point. The difference becomes larger
between thirty and fourteen days before departure, indicating stronger-than-normal de-
mand. Revenue management can respond by revising availability or fare levels. The
final bookings still require adjustment for expected cancellations and no-shows.

Overbooking compensates for passengers who cancel late or fail to appear. The
decision must consider denied-boarding cost, passenger rights, reaccommodation ca-
pacity and uncertainty. Historical no-show rates should be segmented because be-
haviour differs by fare, route, season and connection type.

The expected cost of overbooking level b is given by formula (131):

EC(b) = ce E
[
(S −Nb)

+
]
+ cd E

[
(Nb − S)+

]
, (131)

where S is seat capacity, Nb is the number of passengers presenting for travel, ce is the
cost of an empty seat and cd is denied-boarding cost. The preferred booking limit min-
imizes expected cost subject to legal and service constraints. Passenger volunteers and
alternative flights reduce consequences but should not justify systematically aggressive
overbooking.

Payment processing must verify authorization, currency, taxes and fraud con-
trols without creating unnecessary abandonment. Failed payments should generate un-
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derstandable instructions and preserve the itinerary for a reasonable time. The ticket
record must correspond to the confirmed booking, while electronic miscellaneous doc-
uments record optional paid services. Audit trails are required when a transaction is
corrected or refunded.

The first-attempt payment success rate is given by formula (132):

PSR =
N

(1)
approved

N
(1)
payment

× 100%. (132)

Declines should be divided into insufficient funds, authentication failure, suspected
fraud, technical error and passenger abandonment. A high approval rate is not auto-
matically desirable if fraud losses increase. Payment design must balance security,
conversion and passenger effort.

Passenger information has operational and commercial value. Before purchase,
it supports comparison; after purchase, it supports preparation and compliance. Essen-
tial information includes itinerary, local times, terminal, check-in deadline, documents,
baggage conditions, accessibility services, change rules and contact channels. Online
reviews show that passenger recommendations depend on several interacting service
dimensions rather than one isolated event [91, 94, 96, 97].

Information quality can be evaluated by formula (133):

IQ =
K∑
k=1

wkqk,
K∑
k=1

wk = 1, (133)

where qk are normalized accuracy, completeness, timeliness, consistency and clarity
scores. A critical inaccuracy should remain visible even when the weighted average
is high. The indicator supports audits of websites, notifications, displays and contact-
centre scripts.
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Figure 25: Illustrative completion rate for passenger information and servicing channels

Description of the graph. Airport service points have the highest completion
rate because personnel can resolve complex exceptions directly. Mobile and website
channels perform strongly for routine transactions. The travel-agency result reflects
dependence on information exchange between separate systems. The call centre has
the lowest rate, which may indicate waiting, incomplete authority or repeated transfers.
Channel management should examine both completion and the cost and complexity of
requests handled.

Personalization can improve relevance but requires transparent use of passenger
data. Recommendation systems should not conceal mandatory charges or make service
conditions difficult to compare. Text analysis of reviews can identify recurring infor-
mation and service problems, while human validation is necessary before operational
rules are changed [96, 102].

Table 16: Control points in reservation, ticketing and information services

Stage Required result Principal risk

Availability display Feasible itinerary and complete price Stale inventory or hidden conditions
Passenger data Accurate identity and contact fields Input error and privacy breach
Payment Authorized and traceable transaction Fraud, decline or duplicate charge
Ticket issuance Document consistent with booking Status mismatch or missing service

record
Notification Timely and channel-consistent infor-

mation
Passenger acts on obsolete instructions

The service process should preserve continuity when the passenger changes
channel. A traveller who begins on a mobile application and contacts an agent should
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not repeat information already available in the booking. Common records, clear own-
ership and controlled access reduce handling time. Performance should combine sales,
accuracy, first-contact resolution and passenger perception because service quality af-
fects repurchase intention [98, 104].
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4.2. Check-in, control, boarding and airport services

Airport departure processing confirms that the passenger, documents and baggage are
suitable for the planned journey and transfers the passenger from a public area to the air-
craft. Check-in creates the operational passenger record and assigns or confirms a seat.
Security and border controls determine access to restricted zones, while gate processing
verifies final flight eligibility. The process must remain accessible to passengers who
cannot use self-service equipment [92, 99].

The arrival rate at check-in interval t is given by formula (134):

λt =
N(t, t+∆t)

∆t
. (134)

The profile normally rises before the airline’s acceptance deadline and differs by route,
baggage behaviour and passenger type. Average hourly demand can conceal a short
surge. Resource planning should therefore use intervals consistent with the time re-
quired to open additional positions.

For a stable single-stage queue, utilization is given by formula (135):

ρ =
λ

cµ
, (135)

where c is the number of parallel servers and µ is the service rate of one server. Opera-
tion near ρ = 1 produces rapidly increasing waiting and little recovery margin. Differ-
ent passenger categories may require separate service-time distributions and routing.

The required number of open positions can be approximated by formula (136):

c =

⌈
λts
ρ∗

⌉
, (136)

where ts is mean service time and ρ∗ is target utilization. The result is a planning value
that must be checked by queue simulation when arrivals are peaked. Cross-trained staff
and common-use systems allow capacity to be adjusted between airlines and processes.
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Figure 26: Illustrative relationship between check-in utilization and passenger waiting

Description of the graph. Waiting time remains modest while utilization is be-
low approximately seventy percent. It begins to increase more rapidly as utilization
approaches eighty-five percent. At very high loading, small changes in arrivals or ser-
vice time produce severe queues. The curve demonstrates why nominal processing
capacity should not be treated as sustainable capacity. A target utilization preserves
service quality and recovery capability.

Self-service check-in and bag drop reduce routine counter work but create su-
pervision, document-verification and exception demand. Passenger acceptance of bio-
metric processes depends on perceived usefulness, security, benefits and emotional re-
sponse [92, 99]. Enrollment and consent must be understandable, and a non-biometric
alternative should remain available where required.

Biometric match performance is described by formula (137):

FAR =
Nfalse accept

Nimpostor
, FRR =

Nfalse reject

Ngenuine
. (137)

The decision threshold trades false acceptance against false rejection. Operational de-
sign must include lighting, document quality, passenger assistance and manual reso-
lution. A technically accurate system can still create delay when exception routing is
poorly organized.

Security and border processes require separation of passenger streams and con-
trolled reconciliation of identity, document and flight status. Queue information should
be shared with airline and airport control so that emerging congestion is reflected in gate
and staffing decisions. Priority channels require clear eligibility to prevent conflict and
ineffective queue jumping.

133



The probability of completing all departure controls is given by formula (138):

Pcomplete =
m∏
j=1

(1− pj), (138)

where pj is the probability that stage j produces an unresolved exception. Even small
failure probabilities accumulate over multiple stages. The model motivates first-time-
right document preparation and rapid resolution points before the gate.

Boarding converts a gate queue into seated passengers while maintaining docu-
ment control, cabin safety and baggage rules. Time depends on aircraft layout, pas-
senger sequence, groups, mobility, carry-on baggage and seat or aisle interference.
Stochastic and agent-based boarding models are useful because average service times
do not represent interactions inside the cabin [93, 100, 103, 105].

Total boarding time can be represented as formula (139):

Tb = Tscan +max
g∈G

(
Twalk
g + T stow

g + T seat
g + Ig

)
, (139)

where Ig represents interference affecting passenger group g. Parallel gate scanning
does not eliminate cabin bottlenecks. Boarding strategies should therefore coordinate
release rate with aisle and storage capacity.
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Figure 27: Illustrative boarding progress under two passenger-release strategies

Description of the graph. Sequenced boarding reaches every completion level
earlier than unstructured boarding. The difference becomes larger during the final
twenty percent of passengers, when aisle and seat interference normally increase. Early
progress alone is therefore an incompletemeasure of boarding performance. The release
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strategy must also accommodate families, passengers requiring assistance and priority
groups. Real operations should compare time savings with staff effort and passenger
comprehension.

Two-door boarding and apron-bus strategies can reduce aisle concentration,
although their benefit depends on stand layout, aircraft type and passenger distribu-
tion [101]. Health-related spacing restrictions can reverse the ranking of classical board-
ing methods [103]. Procedures must therefore be selected for current operating condi-
tions rather than adopted as universal rules.

The boarding completion forecast is given by formula (140):

T̂complete = t+
N −Nb(t)

r̂b(t)
, (140)

where Nb(t) is boarded passengers and r̂b(t) is the estimated current boarding rate.
Updating the forecast allows the gate, cabin crew and operations centre to act before
the target becomes unattainable. Rate estimates should be smoothed because temporary
pauses can otherwise create unstable predictions.

Table 17: Departure-process stages and principal controls

Stage Operational result Main exception

Check-in Passenger and flight record confirmed Document, seat or itinerary problem
Bag drop Accepted baggage linked to passenger Weight, item or tag exception
Security Passenger admitted to restricted area Alarm or prohibited item
Border control Travel authorization confirmed Identity or entry-condition issue
Boarding Passenger reconciled and seated Late passenger or cabin interference

Airport service quality is shaped by wayfinding, staff behaviour, accessibility,
seating and the fairness of waiting. Full-service and low-cost passengers can assign dif-
ferent importance to service attributes, but both require reliable basic processes [104].
The operational design should therefore distinguish optional product differentiation
from minimum standards of safety, information and dignity.
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4.3. Acceptance, tagging, sorting, loading and delivery of baggage

Baggage transportation is a controlled chain linking passenger acceptance with deliv-
ery at the destination. The chain includes allowance verification, security questions
where applicable, physical acceptance, weighing, tagging, screening, conveyance, sort-
ing, make-up, reconciliation, loading, transfer, unloading and reclaim. Each handover
must preserve identification and status because a local error can separate a bag from its
passenger across several airports [95].

The accepted baggage mass for passenger n is given by formula (141):

Macc
n =

Bn∑
b=1

mnb, En = max
(
0,Macc

n −Mallow
n

)
, (141)

where En is excess mass above the applicable allowance. The acceptance system must
also evaluate item dimensions, restricted articles and special handling. A numerical
allowance does not by itself determine acceptance when an individual item exceeds
equipment or occupational-safety limits.

The first-time acceptance rate is given by formula (142):

FTA =
Naccepted without correction

bags

Npresented
bags

× 100%. (142)

Corrections include repacking, payment, tag replacement and routing changes. A low
rate increases counter time and passenger stress. Pre-travel information and automated
validation can move predictable exceptions away from the airport peak.

A baggage tag contains a unique identifier and routing information that must
correspond to the passenger and flight record. Printed barcodes remain common, while
RFID and Internet-of-Things concepts can improve read rates and location visibil-
ity [95]. Technology does not remove the need for exception procedures because labels
can be damaged, attached incorrectly or linked to an outdated itinerary.

The probability of obtaining at least one successful read across k independent
points is given by formula (143):

Pread = 1−
k∏

j=1

(1− rj), (143)

where rj is the successful-read probability at point j. Additional readers improve trace-
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ability, but independence is only an approximation when the same damaged tag affects
every point. Manual encoding should record the reason and maintain the original bag
identity.
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Figure 28: Illustrative effect of successive tracking points on baggage traceability

Description of the graph. Traceability improves sharply when the second and
third tracking points are introduced. Later points provide smaller incremental benefits
but remain useful for locating the stage where an exception occurred. The curve as-
sumes reasonably high read performance at each point. A damaged or incorrect tag can
create correlated failures and reduce the actual result. System design should combine
automated reads with controlled manual exception recording.

Sorting assigns accepted bags to a flight, container, cart or make-up position.
Capacity depends on belt speed, induction spacing, destination distribution, screening
alarms and the availability of chutes. Early bags require storage, while late bags require
expedited routing. Transfer bags add time constraints determined by the inbound and
outbound aircraft positions.

The nominal sorter throughput is given by formula (144):

Qs =
3600v

db
, (144)

where v is conveyor speed and db is average required spacing between bags. Sustain-
able throughput is lower after merging, scanning, security resolution and failures are
included. Simulation is required when several induction streams compete for common
equipment.
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The baggage-system utilization coefficient is given by formula (145):

Ubag =
Qpeak

Qsust
s

. (145)

Values close to one indicate little reserve for flight banks or equipment downtime. Peak
analysis should use short intervals because a daily average does not represent make-up
demand before simultaneous departures. Reserve chutes and alternative routes improve
resilience.

Baggage reconciliation confirms whether an accepted bag may be loaded ac-
cording to passenger and security status. When a passenger does not board, the bag
may require identification and removal. The process must exchange final passenger
status rapidly with the ramp and load-control teams. Boarding and baggage policies
interact because large carry-on volumes can move items from cabin to hold late in the
process [100].

The number of bags authorized for loading is given by formula (146):

Nload = Nscreened −Nhold −Nremove +Ngate, (146)

where Nhold represents bags awaiting resolution, Nremove represents bags withdrawn
from the flight and Ngate represents accepted gate-checked items. Every change must
update the load plan and final baggage count.

Loading must respect aircraft mass, balance, compartment limits, transfer pri-
orities and unloading sequence. Containers and carts should be prepared so that short-
connection and priority bags remain accessible. Heavy or irregular items require ap-
proved positions and handling equipment. The final load instruction must correspond
to the physical loading state.

The baggage mass assigned to compartment c is given by formula (147):

Mc =
∑
b∈Bc

mb, Mc ≤Mmax
c . (147)

Additional constraints control volume and aircraft balance. A feasible mathematical
assignment is not operationally useful if it causes excessive rehandling or delays desti-
nation unloading. Load planning should therefore incorporate sequence and equipment
availability.
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Figure 29: Illustrative baggage-delivery progress for two stand conditions

Description of the graph. Delivery from the contact stand begins earlier and
reaches completion in approximately thirty-five minutes. The remote-stand curve is
delayed by additional transport distance and handling. The difference is greatest during
the middle of the reclaim process. First-bag and last-bag indicators should therefore be
interpreted together. Airport planning can use the curves to evaluate tug availability,
routes and reclaim-belt assignment.

Delivery performance is measured by formula (148):

TFB = tfirst − tonblock, TLB = tlast − tonblock. (148)

The first-bag time represents responsiveness, while the last-bag time reflects complete
service. Percentile targets are more informative than averages because a small number
of very late flights can affect many passengers. Results should be segmented by stand,
aircraft size and arrival bank.

The mishandling rate is given by formula (149):

MBR =
Nmishandled

Ncarried
× 1000. (149)

Mishandling includes delayed, misrouted, damaged and lost baggage according to the
reporting definition. Root-cause analysis should distinguish acceptance, transfer, load-
ing, unloading and delivery failures. Tracking technology supports investigation, but
process redesign is required to reduce recurrence [95].
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Table 18: Baggage-process stages, information and controls

Stage Required information Principal control

Acceptance Passenger, route, allowance and item
status

Identity and acceptance eligibility

Sorting Flight, destination and connection pri-
ority

Correct chute, cart or container

Reconciliation Screening and passenger boarding sta-
tus

Authorization before loading

Loading Mass, compartment and sequence Physical match with load instruction
Delivery Arrival flight, reclaim belt and item sta-

tus
Complete and timely return to passen-
ger

When baggage is delayed, the passenger needs a clear report, reference num-
ber, delivery plan and communication channel. Service recovery should avoid repeated
requests for information already recorded. Performance includes not only physical re-
turn time but also information accuracy and reimbursement handling. The passenger’s
evaluation of the journey can be strongly affected by how an irregularity is managed.
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4.4. Passenger services during flight and after arrival

Passenger service continues after boarding. Cabin crew deliver safety instructions, as-
sist seating and stowage, monitor the cabin and provide the service elements included
in the carrier’s product. Comfort, cleanliness, communication, food and beverage, staff
behaviour and perceived value influence satisfaction. The importance assigned to each
element varies by flight duration, class, traveller purpose and expectations [94, 97, 104].

A weighted in-flight service-quality index is given by formula (150):

SQf =

∑K
k=1wksk∑K
k=1wk

, (150)

where sk is the passenger rating of attribute k. The aggregate enables comparison across
flights, while attribute-level results identify improvement priorities. Segmentation is
necessary because a feature valued on a long-haul full-service flight may be irrelevant
on a short low-cost journey [104].

The service gap for attribute k is given by formula (151):

Gk = Pk − Ek, (151)

where Pk is perceived performance andEk is expectation. A negative gap indicates ser-
vice below expectation. Expectations are influenced by price, brand, prior experience
and communications, so overpromising can reduce satisfaction even when operational
performance is unchanged.

Cabin service must remain subordinate to safety. Turbulence, medical events
or operational instructions can interrupt planned service. Passenger communication
should explain the reason without creating false certainty. Accessibility needs, dietary
requirements and unaccompanied passengers require accurate information transferred
from reservation and ground systems.

The completion rate for planned cabin services is given by formula (152):

SCR =
N completed

services

Nplanned
services

× 100%. (152)

The denominator should exclude services cancelled for documented safety reasons
when the objective is commercial performance, but safety interruptions should still be
reported separately. Completion does not measure quality and must be combined with
passenger feedback.

141



Crew Cleanliness Comfort Information Catering Value
0

1

2

3

4

5 4.6 4.4

3.8
4.2

3.7
4

Service attribute

Pa
ss
en
ge
rr
at
in
g

Figure 30: Illustrative passenger ratings of in-flight service attributes

Description of the graph. Crew service receives the highest passenger rating,
followed by cleanliness. Comfort and catering have the lowest scores and therefore
represent potential improvement priorities. Information performance remains strong
but below the interpersonal crew rating. The aggregate experience depends on the rela-
tive importance assigned to each attribute. Results should be segmented by cabin class,
aircraft type and flight duration before investment decisions are made.

Passenger service is also constrained by the physical characteristics of the
assigned aircraft. Seat geometry, aisle width, lighting, noise, ventilation, lavatory
availability and storage space influence comfort and the crew’s ability to deliver ser-
vice [106]. Fleet planning and airline operations determinewhich cabin product is avail-
able on a route, while aircraft substitution can change seating, baggage capacity and
service procedures shortly before departure [107, 108]. Route-selection and stochastic
schedulingmodels should therefore include passenger-product compatibility in addition
to demand and direct operating cost [109, 113].

A comfort-adjusted service score can be written as formula (153):

SQadj
f = SQf

(
1− ωcC

def
f

)
, (153)

where Cdef
f is a normalized cabin-comfort deficiency and ωc is its importance weight.

The expression shows that attentive crew service cannot fully compensate for persistent
physical discomfort. Calibration should distinguish aircraft type, cabin class, flight
duration and passenger characteristics [106].

Future propulsion technologies can affect passenger and baggage carriage
through payload, range, cabin layout, refuelling or charging time and airport equipment.
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Sustainable aviation fuels can often use existing aircraft with operational adaptations,
whereas hybrid-electric, battery-electric and hydrogen concepts may require different
energy storage, mass distribution and turnaround processes [110, 111, 114–117]. Elec-
tric taxiing can reduce local emissions and auxiliary-engine use but adds equipment,
energy and maintenance interfaces to ground operations [118]. These changes should
be evaluated as a complete passenger-service system rather than only as propulsion ef-
ficiency.

The payload margin available for passengers and baggage is given by for-
mula (154):

Mavail
pay =M lim

TOW −MOEW −Menergy −Mreserve, (154)

where M lim
TOW is the applicable take-off mass limit, MOEW is operating empty mass,

Menergy represents fuel or alternative energy storage, and Mreserve includes required
operational reserves. Passenger, baggage and cargo acceptance must remain within this
margin. Alternative propulsion can change the relationship between range and payload
and therefore influence baggage restrictions or aircraft choice [111, 114–117].
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Figure 31: Illustrative influence of route distance and propulsion concept on available payload. Con-
ceptual comparison based on [114–117]

Description of the graph. Available payload decreases as route distance in-
creases for all three illustrative concepts. The conventional aircraft retains the largest
payload margin over the full comparison range. The battery-electric curve decreases
most rapidly because energy-storage mass becomes increasingly restrictive. The
hybrid-electric concept occupies an intermediate position and preserves more flexibility
on medium-distance routes. Actual results depend on aircraft design, reserves, weather
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and technology maturity and must not be inferred directly from the illustrative indices.
Technical reliability directly affects passenger experience through delays, air-

craft changes and cancellations. Condition monitoring and remaining-useful-life prog-
nostics can identify degradation before it produces an operational interruption [112].
Machine-learning and data-driven maintenance methods support earlier decisions, but
their outputs require validated data, uncertainty assessment and engineering over-
sight [119, 120]. Maintenance planning should coordinate with reservations, baggage,
crew and passenger recovery so that a technically necessary action does not create
avoidable information gaps.

The probability that the assigned aircraft remains serviceable until departure is
given by formula (155):

Psvc(∆t) = exp
[
−
∫ ∆t

0
h(u | x) du

]
, (155)

where h(u | x) is the conditional hazard rate based on component condition and opera-
tional data. A declining probability can trigger reserve-aircraft evaluation, maintenance
preparation or proactive passenger-recovery planning. The threshold should reflect
safety rules, forecast uncertainty and the availability of operational alternatives [112,
119, 120].

Arrival services begin with safe disembarkation and continue through transfer
routing, border control, baggage reclaim, customs and surface-transport information.
Contact stands generally simplify the flow, while remote stands require buses, stairs and
coordination with terminal capacity. Passengers with reduced mobility need assistance
continuity rather than a new request at every organizational boundary.

The total arrival-process time is given by formula (156):

Tarr = Tdis + Twalk + Tborder + Tbag + Tcustoms, (156)

where stages not applicable to a passenger are set to zero. The maximum of passenger
and baggage readiness can be more useful than their sum because some walking and
control occur while baggage is being unloaded. Timestamp analysis identifies the actual
critical path for each arrival category.

For transfer passenger n, remaining connection margin is given by for-
mula (157):

Mn = tnext depn − tcurrent − T̂ transfer
n . (157)
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A negative value indicates that the connection is no longer feasible under current con-
ditions. Real-time margin supports prioritization, passenger messaging and rebooking.
Assistance decisions should consider walking ability, border requirements and the lo-
cation of the onward gate.
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Figure 32: Illustrative completion of domestic and international arrival processes

Description of the graph. Domestic passengers complete the arrival process
more rapidly because they normally avoid border control. The international curve rises
more slowly throughout the first fifty minutes. The difference narrows only after most
domestic passengers have already exited. Border staffing, walking distance and bag-
gage delivery jointly shape the international result. Capacity planning should use the
complete distribution rather than only average arrival time.

Passenger satisfaction is influenced by both performance and recovery. Online-
review research can identify recurring service themes and the factors associated with
positive or negative recommendations [91, 94, 96, 102]. Such data are valuable but self-
selected and should be combined with structured surveys and operational measures.

The net promoter score is given by formula (158):

NPS = %Promoters−%Detractors. (158)

The measure summarizes recommendation intention but does not identify the cause of
dissatisfaction. Attribute ratings, comments and journey records should be linked at an
appropriate anonymized level. A high score should not replace monitoring of safety,
accessibility or complaint obligations.
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The complaint-resolution time for case i is given by formula (159):

T res
i = tclosei − topeni , PSLA =

N(T res
i ≤ T target)

Ncases
× 100%. (159)

Resolution quality matters alongside speed. Closing a case before the passenger re-
ceives a complete answer improves the metric but damages trust. Cases should be clas-
sified by cause, severity and required external coordination.

Repurchase intention can be represented as formula (160):

RI = α0 + α1SQ+ α2PV + α3TR− α4IR, (160)

where SQ is service quality, PV is perceived value, TR is trust and IR is the effect
of unresolved irregularities. Empirical research shows that quality and value influence
future passenger behaviour through direct and mediated relationships [98]. The ex-
pression supports survey modelling but should not be interpreted as a universal causal
equation without calibration.

Table 19: Passenger-service indicators during flight and after arrival

Dimension Representative indicator Management use

Cabin service Attribute quality and completion rate Product and crew-process improve-
ment

Arrival Disembarkation and total exit time Terminal and staffing coordination
Transfers Remaining connection margin Assistance and rebooking priority
Baggage First bag, last bag and mishandling Handler and infrastructure control
Recovery Resolution time and satisfaction Corrective action and loyalty protec-

tion

End-to-end service management assigns ownership without hiding organiza-
tional boundaries from internal control. Airlines, airports, handlers and authorities need
common event data, escalation contacts and service standards. Passengers should re-
ceive one coherent explanation even when several organizations contribute to the re-
sult. Continuous improvement combines operational timestamps with surveys and re-
view analysis so that recurrent failures are redesigned rather than repeatedly compen-
sated [96–98, 102].
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CHAPTER 5

VEHICLES

Vehicles form the physical basis of passenger air transportation. Passenger air-
craft provide line-haul movement, while buses, stairs, loaders, tractors, service vehi-
cles and fixed ground equipment connect the aircraft with the terminal and supporting
infrastructure. Their capacities, dimensions, energy systems and technical condition
determine whether the planned passenger and baggage process can be completed safely
and punctually.

Aircraft selection is a system decision rather than a comparison of seat counts.
Range, payload, runway requirements, cabin arrangement, baggage volume, fuel or
energy demand, maintenance programme and airport compatibility must correspond
to route conditions. Emerging electrical and hybrid propulsion concepts expand the
design space but introduce demanding mass, thermal-management and infrastructure
constraints [121, 122].

Passenger experience is directly influenced by vehicle characteristics. Cabin
width affects seating and aisle movement, door arrangement affects boarding, and hold
geometry affects baggage loading. Noise, vibration, air quality and lighting shape per-
ceived comfort. A technically efficient aircraft can therefore be unsuitable for a market
when its configuration conflicts with passenger expectations or airport processes.

Ground vehicles have a similar interaction with service quality. Insufficient
buses delay boarding, unavailable lifts disrupt assistance, and unreliable baggage trac-
tors separate bags from passengers. Equipment fleets must be sized for simultaneous
peaks rather than daily averages. Pooling can increase utilization, but only when dis-
patch information and travel routes are reliable.

Environmental requirements are changing vehicle design and operation. Sus-
tainable fuels, electrification, hydrogen and improved aircraft efficiency can reduce
emissions, yet each pathway has different implications for energy supply, payload,
turnaround and investment [121, 122]. Airport environmental performance also de-
pends on ground vehicles, auxiliary power, charging infrastructure and the source of
electricity [144].

Digitalization creates a continuous information layer around vehicles. Sensors,
operational records and maintenance systems describe configuration, location, utiliza-
tion and component condition. Digital-twin concepts connect these observations with
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models so that behaviour can be simulated and anomalies detected before they interrupt
service [131, 134, 140].

Vehicle reliability is inseparable from schedule reliability. A technical event
can cause aircraft substitution, delay, cancellation, baggage rehandling and passenger
reaccommodation. Predictive models can support earlier intervention, but maintenance
decisions remain safety-critical and require validated data and accountable engineering
judgement [123–125].

Machine-learning applications also support delay prediction, fleet assignment
and schedule assessment. Their operational value depends on accuracy at the relevant
horizon and on the ability of decision makers to understand the factors driving a pre-
diction [127, 128, 133].

Interpretable methods are particularly important where model output influences
high-consequence operational or maintenance action [136, 145].

The vehicle system must be resilient to uncertainty. Weather changes runway
and performance limits, traffic restrictions alter flight time, and passenger demand
changes the required capacity. Planning should preserve alternatives such as compatible
aircraft types, reserve equipment, charging margin and maintenance access. Maximum
utilization without reserve can reduce both punctuality and safety margins.

Economic evaluation combines acquisition, leasing, energy, crew, maintenance,
airport, emissions and residual-value effects. The least expensive vehicle per unit is not
necessarily the most economical network solution. A larger aircraft may reduce unit
cost but create low-frequency service, while a smaller aircraft can improve schedule
quality at a higher cost per seat.

This chapter examines aircraft classification, cabin and baggage configuration,
aircraft selection, airport ground vehicles, operational and environmental characteris-
tics, and maintenance support. Formulas provide a transparent basis for comparing
capacity, performance, cost, emissions and reliability. Graphs illustrate the principal
trade-offs, while tables connect technical characteristics with passenger-transport deci-
sions.
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5.1. Classification and principal characteristics of passenger air-
craft

Passenger aircraft can be classified by propulsion, range, capacity, aerodynamic config-
uration and operational role. Conventional turboprops and turbofans dominate current
services, while battery-electric, hybrid-electric and hydrogen concepts are being devel-
oped for future markets [121, 122]. Classification should support a decision rather than
merely describe technology.

Aircraft seating density is given by formula (161):

Ds =
S

Ac
, (161)

where S is installed seats andAc is usable cabin floor area. Higher density can improve
unit economics but reduce comfort, storage and boarding flexibility. Comparison re-
quires the same cabin-class and monument assumptions.

The payload fraction is given by formula (162):

fpay =
Mpay

MTOW
, (162)

whereMpay includes passengers, baggage and cargo. Energy-storage mass can reduce
payload fraction in electric concepts, especially as range increases [121]. The applicable
take-off limit may also be constrained by runway, temperature or obstacle conditions.

The still-air range approximation is presented in formula (163):

R = V
L

D

ηEE

W
, (163)

where V is speed, L/D is aerodynamic efficiency,E is usable energy, ηE is conversion
efficiency and W is weight. The expression provides conceptual comparison rather
than certified performance. Reserve, wind, routing and degradation must be added in
operational planning.

The seat-range productivity indicator is given by formula (164):

PSR = S RUa, (164)

where Ua is the daily utilization factor. It combines capacity, mission capability and
productive use. A high theoretical range has limited value when turnaround or mainte-
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nance constraints reduce utilization.
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Figure 33: Illustrative relationship between passenger-aircraft range and seating capacity

Description of the graph. Short-range aircraft occupy the lower-left part of the
graph and normally serve thin regional markets. Seating capacity tends to increase as
design range grows because long missions require stronger economies of scale. The
relationship is not deterministic because airlines can select different cabin densities.
Very large capacity is concentrated in long-haul aircraft, while medium-capacity types
cover the widest range of missions. Fleet planning should therefore examine route-
specific payload and frequency rather than selecting aircraft from the trend alone.

Table 20: Classification of passenger aircraft by operational role

Class Principal characteristics Typical transport role

Regional turboprop Low speed, short runway and moderate
capacity

Thin short-distance services

Regional jet Higher speed with limited seating Business and feeder routes
Single-aisle jet Flexible capacity and medium range Domestic and continental networks
Wide-body jet High payload and long range Intercontinental and dense routes
Electric or hybrid
concept

High efficiency with energy constraints Emerging short- and medium-range
roles

Classification must remain connected to infrastructure. Wingspan determines
stand compatibility, door sill height affects ground equipment, and turning geometry
affects taxi routes. New propulsion systems can require charging, hydrogen or thermal-
management facilities. These interfaces influence whether a technically capable aircraft
can be introduced at a particular airport [121, 129].
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Wing loading is given by formula (165):

WS =
W

Sw
, (165)

whereW is aircraft weight and Sw is wing area. Higher wing loading can support cruise
efficiency but normally increases take-off and landing speed. Airport compatibility
must therefore consider runway length and surface condition.

The installed power-to-weight ratio is given by formula (166):

PW =
Pinstalled

W
. (166)

The indicator supports conceptual comparison of climb and acceleration capability.
Electric propulsion can distribute power differently, but battery and thermal limits re-
main important [121].

The runway suitability margin is given by formula (167):

MRWY = Lavailable − Lrequired. (167)

A positive margin is necessary but must be recalculated for mass, wind, temperature,
contamination and obstacle conditions. Scheduled operations require a robust margin
rather than feasibility under one reference condition.
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Figure 34: Illustrative relationship between wing loading and take-off distance

Description of the graph. The take-off distance index rises as wing loading
increases. The relationship becomes steeper in the upper part of the illustrated range.
Aircraft with lower wing loading can be more suitable for constrained regional airports.
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Higher installed power and aerodynamic devices can modify the relationship. Opera-
tional selection must use certified performance data for the actual conditions.
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5.2. Cabin configurations, seating capacity and baggage compart-
ments

Cabin configuration allocates limited fuselage volume among seats, aisles, doors, lava-
tories, galleys, accessible spaces and storage. It determines sellable capacity and also
affects boarding, evacuation, comfort and crew workload. Configuration changes re-
quire coordinated updates to reservations, seat maps, catering, baggage planning and
safety documentation.

The usable seat capacity is given by formula (168):

Su =
K∑
k=1

rknk, (168)

where rk is seats per row and nk is installed rows in cabin zone k. Monument and exit
restrictions reduce the rows available. Revenue evaluation should use seats actually
offered after operational blocks.

Average passenger-space allocation is given by formula (169):

ap =
Ac − Am

Su
, (169)

where Am is floor area occupied by non-seat monuments. The indicator supports com-
parison but does not capture seat width, pitch or perceived privacy. Digital cabinmodels
can test alternative layouts before physical modification [131, 132].

Available baggage volume per passenger is given by formula (170):

vb =
Vhold + ηoVoverhead

Su
, (170)

where ηo is the usable fraction of overhead volume. Cabin baggage policy changes
demand between overhead bins and holds. Insufficient volume can create gate checking
and departure delay.

The cabin boarding resistance index is given by formula (171):

BR = α
Su

Nd
+ β

Su

Wa
+ γIs, (171)

where Nd is usable boarding doors, Wa is aisle-width index and Is is expected seat
interference. Lower values indicate a configuration more suitable for rapid boarding.
Coefficients must be calibrated from observed operations.
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Figure 35: Illustrative influence of seating capacity and door use on boarding time

Description of the graph. Boarding time increases with installed seating ca-
pacity under both operating strategies. Two-door use produces a lower time because
passenger flow is divided between cabin sections. The advantage becomes larger as
capacity rises. Actual performance also depends on stairs, buses, carry-on baggage and
passenger sequence. Cabin configuration should therefore be evaluated together with
stand and terminal operations.

Table 21: Cabin and baggage-compartment design criteria

Element Capacity effect Operational effect

Seat pitch and width Determines density and product Influences comfort and movement
Aisles and doors Reduce seat area Determine boarding and evacuation

flow
Overhead bins Support cabin-baggage capacity Affect stowage and aisle interference
Cargo holds Support checked baggage and cargo Require loaders, containers and bal-

ance control
Galleys and lavatories Reduce seating space Enable service and accessibility

Digital twins can connect cabin geometry with passenger-flow simulation,
equipment condition and operational observations [134, 140]. Model validity requires
controlled configuration data because an outdated seat map can invalidate boarding or
load calculations. The same digital representation can support crew training and modi-
fication planning.
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The longitudinal seat-density coefficient is given by formula (172):

Kpitch =
Lseat zone

nr ps
, (172)

where nr is the number of seat rows and ps is nominal pitch. A value near one indi-
cates full use of the planned seat zone. Additional clearance around exits and partitions
reduces usable density.

Hold-volume utilization is given by formula (173):

UV =

∑
b vb

V usable
hold

× 100%. (173)

Volume andmass limits must be checked together. Irregular baggage can leave unusable
gaps even when total measured volume is below capacity.

Cabin revenue per unit floor area is given by formula (174):

RA =

∑
k Skyk
Ac

. (174)

The indicator compares alternative class layouts but should be evaluated with demand,
service cost and passenger acceptance. Digital configuration models help test these
trade-offs before modification [132, 134].
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Figure 36: Illustrative effect of seating density on baggage volume per passenger

Description of the graph. Available baggage volume per passenger declines as
more seats are installed in the same aircraft. The reduction can increase gate checking
and hold-loading pressure. Markets with high checked-baggage demand may therefore
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require a lower-density configuration. The relationship also depends on overhead-bin
design and cargo commitments. Configuration decisions should balance ticket revenue
against baggage and boarding performance.
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5.3. Selection of aircraft type according to route and passenger
flows

Aircraft selection matches forecast passenger flow with frequency, route distance, air-
port limits and economic objectives. Demand uncertainty makes one deterministic load
estimate inadequate. The selected type should remain feasible during low periods while
providing capacity during peaks or allowing supplementary frequency.

Required directional frequency is given by formula (175):

f =

⌈
D

S LFt

⌉
, (175)

where D is period demand and LFt is target load factor. Frequency influences sched-
ule attractiveness and connection opportunities. A larger aircraft can reduce frequency
below the level expected by passengers.

The route contribution is given by formula (176):

CM = Rp +Rc +Ra − Cvar, (176)

where revenues arise from passengers, cargo and ancillary services. Variable cost in-
cludes energy, crew, maintenance reserves and route-dependent charges. Fixed fleet
costs must be considered in the portfolio decision.

The aircraft compatibility score is given by formula (177):

AC =
J∑

j=1

wjcj,
J∑

j=1

wj = 1, (177)

where criteria include runway, stand, range, payload, cabin and maintenance compat-
ibility. Hard safety or infrastructure limits cannot be compensated by other criteria.
Multi-criteria selection is useful after infeasible types are removed.

The delay-adjusted operating value is given by formula (178):

Va = CMa − E[Cdelay
a + Ccancel

a ], (178)

where expected disruption cost depends on aircraft reliability, schedule buffer and re-
covery alternatives. Data-mining and deep-learning methods can estimate delay risk
for candidate schedules [127, 128, 133].

Strategic assessment should use interpretable variables and stress scenar-
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ios [136, 145].
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Figure 37: Illustrative relationship between passenger demand and aircraft unit cost

Description of the graph. Each aircraft class becomes more efficient as demand
approaches its suitable operating range. Regional aircraft are competitive at low vol-
umes but lose their advantage as traffic grows. Single-aisle aircraft provide the broadest
middle-demand range. Wide-body aircraft require high traffic before their unit-cost ad-
vantage appears. Selection must additionally consider frequency, direction imbalance
and seasonal variation.

Table 22: Aircraft-selection criteria for passenger routes

Criterion Required analysis Decision implication

Demand Directional, seasonal and connection
flow

Capacity and frequency

Mission Distance, reserve, payload and weather Performance feasibility
Airport Runway, stand, noise and ground

equipment
Infrastructure compatibility

Economics Revenue, cost, utilization and owner-
ship

Route and fleet contribution

Resilience Reliability, substitution and recovery Disruption exposure

Air traffic management conditions can change actual block time and fuel or en-
ergy consumption. Flow restrictions, route availability and airport congestion should
therefore be included in aircraft comparison [129]. Machine-learning schedule assess-
ment can test whether planned utilization remains realistic under observed delay pat-
terns [137, 138].
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The demand-coverage ratio is given by formula (179):

DCa =
min(D, faSa)

D
. (179)

The indicator shows the share of demand accommodated by the proposed aircraft-
frequency combination. A value of one does not guarantee profitability or schedule
attractiveness.

The fleet-hour feasibility condition is given by formula (180):∑
r

xar(BHr + T turn
r ) ≤ NaH

available
a . (180)

The constraint includes flight and turnaround time. Maintenance, reserve and recovery
requirements reduce the available hours. Delay predictions can test the robustness of
the planned rotation [127, 137].

Scenario regret for aircraft a is given by formula (181):

RG(s)
a = V

(s)
best − V (s)

a . (181)

Minimizing maximum regret avoids a type that performs well only under one demand
scenario. Interpretability is important when several technical and financial criteria drive
the result [136, 145].
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Figure 38: Illustrative relationship between planned aircraft utilization and rotation completion

Description of the graph. Rotation-completion probability declines as planned
daily block hours rise. Moderate utilization preserves time for small delays and tech-
nical actions. Beyond approximately eleven hours, the illustrated reliability decreases
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rapidly. A high-utilization plan can remain economical only when recovery resources
are available. Fleet selection should therefore compare productive hours with disrup-
tion exposure.
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5.4. Ground vehicles and airport servicing equipment

Ground support equipment includes passenger buses, boarding stairs, ambulifts, bag-
gage tractors, belt loaders, container loaders, pushback tugs, catering trucks, water and
lavatory vehicles, ground-power units and charging systems. Compatibility depends on
aircraft geometry, stand layout and service sequence. A sufficient total fleet can still be
infeasible when the required equipment is unavailable at the correct stand and time.

The fleet requirement for equipment type e is given by formula (182):

Ne =

⌈
λete
ρ∗e

⌉
, (182)

where λe is peak task demand and te is equipment occupation time. The target uti-
lization preserves reserve for travel, charging and disruption. Qualification and aircraft
compatibility must be checked separately.

Equipment utilization is given by formula (183):

Ue =
H task

e

Havailable
e

× 100%. (183)

Travel and queueing time should be reported separately because they reveal dispatch or
layout losses. Very high utilization can increase departure risk even when unit produc-
tivity appears strong.

The energy requirement of an electric ground fleet is given by formula (184):

Eday =
N∑
e=1

deee + Eaux, (184)

where de is daily travel or task distance and ee is specific energy use. Charging demand
must be distributed across locations and time intervals. Electricity source and battery
replacement affect environmental performance [121, 144].

The dispatch cost of assigning vehicle e to task j is given by formula (185):

Cej = αdej + βmax(0, tej − treqj ) + γI incej , (185)

where the terms represent travel, lateness and incompatibility. Optimization minimizes
total assignment cost subject to non-overlap and charging constraints. Real-time loca-
tion data improve the feasibility of central pooling.
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Figure 39: Illustrative relationship between ground-equipment utilization and late tasks

Description of the graph. Late tasks remain uncommon while equipment uti-
lization is moderate. The share begins to rise quickly after utilization exceeds approx-
imately eighty percent. High loading leaves little time for travel, charging or recovery
from a preceding delay. Maximum fleet productivity is therefore not identical to mini-
mum turnaround cost. Dispatch planning should preserve reserve for critical equipment
categories.

Table 23: Ground vehicles and their passenger-transport functions

Equipment Principal function Critical requirement

Passenger bus Remote-stand transfer Capacity, accessibility and synchro-
nization

Stairs and bridge Aircraft access Door and sill-height compatibility
Ambulift Reduced-mobility assistance Availability and trained operators
Baggage tractor and
loader

Hold transport and loading Traceability and safe positioning

Ground-power and
charging unit

Aircraft and vehicle energy Connector, power and location compat-
ibility

Blockchain and shared information platforms can improve traceability of equip-
ment service and energy transactions when responsibilities are distributed among orga-
nizations [139]. Digital-twin monitoring can connect location, battery state and main-
tenance condition with turnaround demand [142]. Technology creates value only when
dispatchers can act on its information.

162



Ground-equipment availability is given by formula (186):

Ae =
T ready
e

T scheduled
e

. (186)

Availability should be calculated during operational demand periods rather than over
the full calendar day. Equipment undergoing charging or waiting for an operator may
be technically serviceable but operationally unavailable.

The minimum number of charging points is given by formula (187):

Nc =

⌈
Epeak

PcTcηc

⌉
. (187)

The expression converts peak energy demand into charging capacity. Location and
connector compatibility can require more points than the aggregate result [121, 144].

The probability of completing a service chain is given by formula (188):

Pchain =
m∏
j=1

AejP
on time
j . (188)

The product emphasizes that several individually reliable equipment tasks can still cre-
ate material chain risk. Shared monitoring can identify the weakest link before depar-
ture [139, 142].
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Figure 40: Illustrative daily state-of-charge profile for electric ground equipment

Description of the graph. Battery state is highest before the morning operating
peak. It declines during successive aircraft turns and reaches its minimum in the late
afternoon. Opportunity charging restores part of the energy before evening demand.
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The final charging period returns the fleet close to its initial state. Dispatch rules should
protect a reserve for disruption and unplanned travel.
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5.5. Operational, economic and environmental characteristics of
vehicles

Vehicle performance must be assessed across operational, economic and environmen-
tal dimensions. Speed, range and capacity describe mission capability, but schedule
value also depends on reliability, turnaround and airport access. Economic compari-
son includes ownership, energy, crew, maintenance and infrastructure. Environmental
analysis should use a defined life-cycle boundary [122, 144].

Direct operating cost per flight is given by formula (189):

DOC = Cenergy + Ccrew + Cmaint + Cairport + Ccapital. (189)

The allocation of capital and maintenance cost must be consistent across types. Route
comparison should include directional payload and utilization. Low acquisition cost
can be offset by energy or downtime.

Unit cost is given by formula (190):

CASK =
DOC

S d
, (190)

where d is route distance. The indicator falls when fixed flight cost is spread across
more seats and distance. It does not show whether seats can be sold or whether the
offered frequency is attractive.

Carbon intensity is given by formula (191):

ICO2
=
ELC

P d
, (191)

where ELC represents life-cycle emissions within the selected boundary. Sustainable
fuels and electricity require source-specific factors [121, 122]. Airport ground activity
should be added when a door-to-door operational boundary is used [144].

The environmental-economic score is given by formula (192):

V = ω1
Cmin

ASK

CASK
+ ω2

Imin
CO2

ICO2

+ ω3Rop, (192)

whereRop is normalized operational reliability. Weights make the trade-off explicit but
cannot override safety or airport constraints. Sensitivity analysis should accompany the
ranking.
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Figure 41: Illustrative influence of load factor and energy pathway on emission intensity

Description of the graph. Emission intensity declines as more passengers share
the flight’s energy use. The lower-carbon pathway remains below the conventional
pathway at every load factor. Poor load factor can nevertheless weaken the benefit of
an efficient vehicle. Network planning and vehicle technology therefore influence en-
vironmental performance together. Life-cycle factors should be used before comparing
fuels or electricity sources.

Table 24: Balanced characteristics for vehicle comparison

Dimension Representative indicators Planning question

Operational Range, payload, turnaround and relia-
bility

Can the mission be completed consis-
tently?

Economic Cost per flight, seat and life cycle Is the service financially sustainable?
Passenger Frequency, comfort and baggage ca-

pacity
Does the vehicle support the promised
product?

Environmental Energy, emissions and noise What impacts occur within the selected
boundary?

Resilience Substitution, reserve and recovery time Can service continue after disruption?

Delay prediction improves economic comparison because disruption cost differs
among schedules and vehicle types [133, 137]. Strategic schedule models can evalu-
ate the probability that an intensive utilization plan produces cancellation or conges-
tion [138].

Explainable outputs help managers distinguish vehicle weakness from external
traffic conditions [145].
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The net present value of a vehicle alternative is given by formula (193):

NPV = −I0 +
T∑
t=1

CFt

(1 + d)t
+

RVT
(1 + d)T

. (193)

Cash flow includes revenue effects, operating cost and environmental charges. Residual
value is especially uncertain for emerging technologies [121, 122].

The energy productivity of passenger transport is given by formula (194):

EP =
P d

Etotal
. (194)

Higher values indicate more passenger-kilometres per energy unit. Empty seats, diver-
sions and ground energy must be included consistently.

The normalized noise-exposure indicator is given by formula (195):

NEI =
F∑

f=1

wf10
Lf/10. (195)

The logarithmic transformation aggregates events with different sound levels. Time
and population weights can represent community exposure in airport environmental
assessment [144].
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Figure 42: Illustrative route-distance effect on aircraft direct operating cost

Description of the graph. The single-aisle aircraft has the lower cost index on
short routes. The wide-body alternative becomes more competitive as distance and de-
mand increase. Both curves show a range where fixed and variable costs are balanced
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most effectively. Very long missions increase energy and crew-related cost. The com-
parison must use compatible load factors and passenger products.
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5.6. Maintenance and airworthiness support of aircraft

Airworthiness support ensures that aircraft configuration and condition remain compli-
ant throughout operation. Maintenance includes inspections, scheduled tasks, defect
rectification, component replacement, records and release to service. Planning must
protect safety while coordinating aircraft availability with the passenger schedule.

Technical availability is given by formula (196):

At =
Tscheduled − Ttechnical downtime

Tscheduled
. (196)

Availability should be segmented by planned and unplanned downtime. A high fleet
average can conceal recurrent defects on one aircraft. Passenger consequences depend
on the timing and availability of substitution.

Mean time between unscheduled failures is given by formula (197):

MTBF =
Hoperation

Nfailure
. (197)

The definition of failure must remain consistent. Reliability growth is demonstrated
when MTBF increases without transferring faults into another category. Component
age, environment and mission severity should be considered.

Remaining useful life is given by formula (198):

RUL = tfailure − tcurrent. (198)

In practice, it is a probability distribution rather than a known value. Engine and com-
ponent models can combine sensor history with operating conditions [125]. Predictive
maintenance reviews emphasize data quality, integration and decision thresholds [123,
124].

The expected maintenance cost for action a is given by formula (199):

ECa = Cmaint
a + P fail

a Coperational + P false
a Cunnecessary. (199)

The preferred actionminimizes expected cost subject to mandatory safety requirements.
Dynamic policies can coordinate several components and future maintenance opportu-
nities [126]. Cost cannot justify operation outside approved airworthiness limits.
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Figure 43: Illustrative degradation trajectory and maintenance threshold

Description of the graph. The component health indicator decreases gradually
during early operation and more rapidly near the end of the period. The dashed line
represents a maintenance decision threshold. Intervention should be scheduled before
the forecast trajectory crosses that threshold. Forecast uncertainty requires a safety
margin rather than use of the mean trajectory alone. Updated observations can move
the predicted crossing point and change the maintenance plan.

Table 25: Maintenance-data layers supporting airworthiness decisions

Data layer Example content Decision use

Configuration Installed components and modifica-
tions

Applicability and compliance

Operation Cycles, hours, environment and events Usage severity and planning
Condition Sensors, inspections and fault mes-

sages
Diagnosis and prognostics

Maintenance Tasks, parts and findings Reliability and cost analysis
Schedule Routes, reserves and opportunities Timing and recovery coordination

IoT-enabled maintenance faces interoperability, cybersecurity, missing data and
organizational challenges [123]. Digital twins provide a structured relationship between
the physical aircraft, data and models [140, 141].

They can support anomaly detection and maintenance simulation when config-
uration and uncertainty are controlled [142, 143].

The anomaly score is given by formula (200):

An = (xn − µ)TΣ−1(xn − µ). (200)
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Large values indicate observations inconsistent with the reference condition. An alert
is evidence for investigation rather than proof of failure. Interpretable features and
engineering context are necessary in high-stakes decisions [136, 145].

The maintenance-plan compliance rate is given by formula (201):

MPC =
N on time

tasks

Ndue
tasks

× 100%. (201)

Compliance should be combined with finding quality, repeat defects and aircraft avail-
ability. Deferral within an approved interval is different from an overdue task. Records
must preserve authorization and completion evidence.

Digital transformation changes maintenance work but does not remove account-
ability. Models should be validated for the fleet and operating environment, monitored
for drift and designed to support qualified personnel [130, 135]. Transparent gover-
nance connects data ownership, model updates and final engineering authority. This
approach allows predictive tools to improve availability without weakening airworthi-
ness control.

Weibull component reliability is given by formula (202):

R(t) = exp
[
−
(
t

η

)β
]
. (202)

The shape parameter distinguishes early, random and wear-out failure behaviour. Pa-
rameters require fleet-specific data and controlled failure definitions [123, 124].

Prognostic accuracy is given by formula (203):

PA = 1− |R̂UL−RUL|
RUL

. (203)

The indicator should be evaluated at several prediction horizons. Uncertainty intervals
and false-alert consequences are necessary for maintenance decisions [125, 126].

The reorder point for a critical spare is given by formula (204):

ROP = dL+ zσd
√
L. (204)

The first term covers expected demand during lead time and the second provides safety
stock. Prognostic information can update demand, but supply and common-failure un-
certainty remain.
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Figure 44: Illustrative relationship between maintenance interval and expected cost

Description of the graph. Very short maintenance intervals create high planned-
maintenance cost. Extending the interval initially reduces total cost because fewer in-
terventions are performed. Beyond the minimum region, failure-related cost rises and
dominates the saving. The preferred interval lies near the bottom of the total-cost curve
but remains subject to approved limits. Predictive condition information can refine
timing for individual components.
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CHAPTER 6

DIGITALIZATION AND EFFICIENCY ENHANCEMENT OF AIR
TRANSPORT

Digitalization changes how airlines, airports and ground handlers represent op-
erations, exchange information and make decisions. Physical events are converted into
data that support passenger processing, resource allocation, maintenance, disruption
recovery and strategic planning. The objective is not the maximum number of applica-
tions but a coherent information environment that improves safety, service quality and
productivity.

Digital transformation differs from isolated automation. It changes organiza-
tional processes, responsibilities, competencies and relationships with passengers. Suc-
cessful transformation combines technology with governance, business-model adapta-
tion and measurable operational value [147, 151].

A digital twin links a physical asset or process with a digital representation up-
dated by observations. The representation may describe an aircraft, terminal, baggage
system, passenger flow or complete airport. Its value depends on purpose, update fre-
quency, model fidelity and the decisions it supports [140, 146].

Digital twins range from descriptive models to predictive and prescriptive sys-
tems. Some receive data without influencing the physical process, while others support
closed-loop control. Clear classification prevents a static three-dimensional model from
being presented as an operational twin [150, 153].

Artificial intelligence extends digital systems by identifying patterns, forecast-
ing states and ranking alternatives. High accuracy alone is insufficient for aviation
decisions. Models need validation, uncertainty estimates, monitoring and explanations
suitable for accountable personnel [145, 148].

Integration is a central challenge. Passenger, flight, baggage, aircraft, stand,
weather and staff data are created by different organizations and at different time scales.
Common identifiers and interface rules are required so that a change in one system
becomes available to authorized users without contradictory versions.

Cybersecurity and operational continuity are inseparable from digital efficiency.
Communication, surveillance and industrial systems can be affected by spoofing, jam-
ming, unauthorized access and data manipulation. Security controls must protect in-
tegrity and availability without preventing timely operational exchange [155, 157].
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Digital investment requires economic evaluation. Benefits can arise from
shorter processing, lower delay, better utilization, avoided failure and improved pas-
senger loyalty. Costs include software, sensors, integration, data governance, training,
cybersecurity and continuing model maintenance.

Environmental improvement also depends on digital coordination. Better pre-
diction and resource assignment can reduce aircraft taxiing, ground-vehicle travel, en-
ergy peaks and unused capacity. The effect should be measured against a baseline and
should not be claimed solely because a process uses digital technology [144].

The human role remains decisive. Employees need authority to question erro-
neous outputs, follow fallback procedures and record overrides. Digital maturity there-
fore includes skills, governance and learning, not only installed systems. This chapter
examines self-service, performance optimization, sustainability, system integration, ar-
tificial intelligence, economic evaluation and future transformation.
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6.1. Digital systems, biometric identification, and self-service tech-
nologies

Passenger-facing digital systems include online check-in, mobile boarding passes,
kiosks, bag drop, biometric gates, wayfinding and disruption notifications. They re-
duce routine transactions but require accessible design and staffed exception channels.
Data collected at each step should update one authoritative passenger and flight status.

The self-service adoption rate is given by formula (205):

AR =
Nself

Neligible
× 100%. (205)

Eligibility excludes passengers or transactions that require mandatory manual control.
Adoption should be segmented by channel and passenger category. A high rate is useful
only when completion quality remains acceptable.

The first-time completion rate is given by formula (206):

FCR =
N

(1)
complete

N
(1)
attempt

× 100%. (206)

Repeated attempts and staff intervention reveal interface or data problems. Themeasure
supports comparison of kiosks, mobile applications and automated bag drop.

The biometric decision quality is given by formula (207):

Qb = 1− ω1FAR− ω2FRR. (207)

False acceptance and false rejection have different safety and service consequences.
Thresholds must be selected with manual resolution and privacy requirements in mind.

The average passenger time saving is given by formula (208):

∆T =
1

N

N∑
n=1

(Tmanual
n − T digital

n ). (208)

Negative results identify cases where automation adds steps or creates exceptions. Time
saving should be measured door to gate rather than at one device.
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Figure 45: Illustrative relationship between self-service adoption and passenger processing time

Description of the graph. Processing time decreases as self-service adoption
rises. The largest gains occur during the transition from low to moderate adoption.
Later gains are smaller because complex exceptions remain. Full automation is there-
fore neither feasible nor necessarily desirable. Staffing should be redirected toward
assistance and irregular cases.

Table 26: Digital passenger-processing technologies

Technology Operational benefit Required control

Mobile check-in Early processing and notification Identity and data accuracy
Kiosk Common-use airport processing Accessibility and exception support
Automated bag drop Lower routine counter workload Weight, tag and item validation
Biometric gate Rapid identity-linked passage Consent, match quality and fallback
Digital wayfinding Personalized route information Current location and facility data

The passenger interface should be considered part of a wider digital service
architecture. Transformation succeeds when data follow the passenger across channels
and organizations [147, 151].

Digital-twin principles can represent process state and predict congestion before
passengers reach a control point [140, 149].

Omnichannel servicing must be treated as a controlled operational capability
rather than as an isolated software function. Its design begins with a precise description
of the physical process, the responsible organizations, the events that change system
state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
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can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [147, 151].

Data preparation for this capability includes passenger identity, itinerary status,
channel history and unresolved requests. Every field requires an authoritative source,
update rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns when a transaction should remain
automated and when it should be transferred to an employee. A dashboard is useful
only when a threshold activates a defined response, identifies the person with authority
and records the resulting action. Alternative responses should be tested under normal
demand, concentrated peaks, equipment failure and degraded communication. The pre-
ferred response is the one that improves the complete passenger and aircraft process
rather than one local indicator.

Implementation risk is concentrated in duplicate records, inconsistent instruc-
tions and inaccessible interfaces. Controls should include access management, fallback
procedures, staff training, model monitoring and periodic review of assumptions. A
pilot stage should compare the proposed process with a documented baseline, and ex-
pansion should occur only after safety, quality and productivity results remain stable
across representative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Biometric passenger flow must be treated as a controlled operational capability
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rather than as an isolated software function. Its design begins with a precise description
of the physical process, the responsible organizations, the events that change system
state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [145, 152].

Data preparation for this capability includes document status, biometric qual-
ity, gate events and manual-resolution outcomes. Every field requires an authoritative
source, update rule, validation threshold and retention policy. Missing or delayed values
should produce an explicit quality status instead of being silently replaced. Historical
records support calibration, while live records support operational use; the two datasets
must use compatible definitions.

The principal management decision concerns selection of match thresholds and
allocation of exception positions. A dashboard is useful only when a threshold activates
a defined response, identifies the person with authority and records the resulting ac-
tion. Alternative responses should be tested under normal demand, concentrated peaks,
equipment failure and degraded communication. The preferred response is the one that
improves the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in false decisions, privacy concerns and de-
pendence on one identification channel. Controls should include access management,
fallback procedures, staff training, model monitoring and periodic review of assump-
tions. A pilot stage should compare the proposed process with a documented baseline,
and expansion should occur only after safety, quality and productivity results remain
stable across representative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average

178



from concealing poor performance in the exact situations where digital support is most
valuable.

Automated baggage acceptance must be treated as a controlled operational ca-
pability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [140, 146].

Data preparation for this capability includes passenger status, tag data, measured
mass, item category and equipment state. Every field requires an authoritative source,
update rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns opening positions and redirecting
baggage exceptions before queues develop. A dashboard is useful only when a thresh-
old activates a defined response, identifies the person with authority and records the
resulting action. Alternative responses should be tested under normal demand, concen-
trated peaks, equipment failure and degraded communication. The preferred response
is the one that improves the complete passenger and aircraft process rather than one
local indicator.

Implementation risk is concentrated in incorrect tags, unreadable identifiers and
incomplete reconciliation. Controls should include access management, fallback pro-
cedures, staff training, model monitoring and periodic review of assumptions. A pilot
stage should compare the proposed process with a documented baseline, and expansion
should occur only after safety, quality and productivity results remain stable across rep-
resentative operating conditions.

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Personalized terminal navigation must be treated as a controlled operational ca-
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Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

pability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [149, 153].

Data preparation for this capability includes passenger location, accessibility
needs, gate changes and route availability. Every field requires an authoritative source,
update rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns selection of a safe and feasible
route through the terminal. A dashboard is useful only when a threshold activates
a defined response, identifies the person with authority and records the resulting ac-
tion. Alternative responses should be tested under normal demand, concentrated peaks,
equipment failure and degraded communication. The preferred response is the one that
improves the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in obsolete maps, positioning error and ex-
cessive reliance on mobile devices. Controls should include access management, fall-
back procedures, staff training, model monitoring and periodic review of assumptions.
A pilot stage should compare the proposed process with a documented baseline, and
expansion should occur only after safety, quality and productivity results remain stable
across representative operating conditions.

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
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Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

from concealing poor performance in the exact situations where digital support is most
valuable.

Self-service operational continuity must be treated as a controlled operational
capability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [140, 152].

Data preparation for this capability includes device availability, network status,
transaction completion and staff interventions. Every field requires an authoritative
source, update rule, validation threshold and retention policy. Missing or delayed values
should produce an explicit quality status instead of being silently replaced. Historical
records support calibration, while live records support operational use; the two datasets
must use compatible definitions.

The principal management decision concerns activation of fallback channels
during partial digital failure. A dashboard is useful only when a threshold activates
a defined response, identifies the person with authority and records the resulting ac-
tion. Alternative responses should be tested under normal demand, concentrated peaks,
equipment failure and degraded communication. The preferred response is the one that
improves the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in simultaneous device outages, unclear es-
calation and insufficient staffed reserve. Controls should include access management,
fallback procedures, staff training, model monitoring and periodic review of assump-
tions. A pilot stage should compare the proposed process with a documented baseline,
and expansion should occur only after safety, quality and productivity results remain
stable across representative operating conditions.
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Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.
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6.2. Performance indicators and optimization of technological pro-
cesses

Operational optimization requires indicators linked to decisions. Real-time measures
support lane opening, stand reassignment and dispatch, while historical measures sup-
port redesign and investment. Each indicator needs an owner, update frequency, thresh-
old and response.

Process productivity is given by formula (209):

Pj =
Qj

Hstaff
j

. (209)

Throughput must be compared under equivalent service and safety conditions. Produc-
tivity gained through omitted tasks is not an improvement.

The weighted performance index is given by formula (210):

KPI =
K∑
k=1

wkzk,
K∑
k=1

wk = 1. (210)

Normalized criteria can include waiting, punctuality, baggage, cost and quality. Critical
safety limits remain separate constraints.

The optimization objective is given by formula (211):

min J = αTwait + βCresource + γDdelay. (211)

Weights express management priorities and require sensitivity testing. The solution
must respect capacity, qualification and compatibility constraints.

The process reserve is given by formula (212):

Rj = Qsust
j − λpeakj . (212)

A negative reserve signals expected overload. Digital control can redistribute demand
but cannot permanently replace insufficient capacity.

183



40 45 50 55 60 65 70 75 80 85 90 95 100

50

60

70

80

90

Resource utilization, %

C
om

po
si
te
pe
rf
or
m
an
ce

in
de
x

Figure 46: Illustrative relationship between resource utilization and process performance

Description of the graph. Performance improves while low utilization and idle
capacity are reduced. The maximum occurs before the resource reaches full loading.
Beyond that point, queues and disruption sensitivity reduce the composite result. The
graph demonstrates the need for an operating reserve. Optimization should seek bal-
anced performance rather than maximum utilization.

Table 27: Decision levels for digital performance management

Level Indicators Typical action

Real time Queue, milestone and equipment state Reallocate current resources
Daily Delay, completion and exceptions Correct shift and process deviations
Monthly Productivity, quality and reliability Revise standards and staffing
Strategic Capacity, cost and resilience Invest or redesign infrastructure

Digital twins support optimization when their state remains synchronized with
operations [141, 146].

Anomaly detection can identify deviation before a static threshold is ex-
ceeded [142, 143]. Model outputs must be explained to the employee responsible for
action.

Passenger-queue optimization must be treated as a controlled operational ca-
pability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
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staffing [141, 146].
Data preparation for this capability includes arrival profiles, service durations,

lane state and passenger category. Every field requires an authoritative source, update
rule, validation threshold and retention policy. Missing or delayed values should pro-
duce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns opening, closing and reallocating
processing capacity. A dashboard is useful only when a threshold activates a defined
response, identifies the person with authority and records the resulting action. Alterna-
tive responses should be tested under normal demand, concentrated peaks, equipment
failure and degraded communication. The preferred response is the one that improves
the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in unstable control, local queue transfer
and inaccurate arrival forecasts. Controls should include access management, fallback
procedures, staff training, model monitoring and periodic review of assumptions. A
pilot stage should compare the proposed process with a documented baseline, and ex-
pansion should occur only after safety, quality and productivity results remain stable
across representative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Stand and gate optimization must be treated as a controlled operational capa-
bility rather than as an isolated software function. Its design begins with a precise de-
scription of the physical process, the responsible organizations, the events that change
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system state and the decisions expected from the digital output.
The analytical boundary must remain stable so that observed improvement

can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [142, 153].

Data preparation for this capability includes aircraft compatibility, passenger
connections, towing limits and infrastructure status. Every field requires an authorita-
tive source, update rule, validation threshold and retention policy. Missing or delayed
values should produce an explicit quality status instead of being silently replaced. His-
torical records support calibration, while live records support operational use; the two
datasets must use compatible definitions.

The principal management decision concerns selection of an allocation that min-
imizes system-wide passenger and aircraft delay. A dashboard is useful only when a
threshold activates a defined response, identifies the person with authority and records
the resulting action. Alternative responses should be tested under normal demand, con-
centrated peaks, equipment failure and degraded communication. The preferred re-
sponse is the one that improves the complete passenger and aircraft process rather than
one local indicator.

Implementation risk is concentrated in late aircraft changes, conflicting priori-
ties and unavailable alternatives. Controls should include access management, fallback
procedures, staff training, model monitoring and periodic review of assumptions. A
pilot stage should compare the proposed process with a documented baseline, and ex-
pansion should occur only after safety, quality and productivity results remain stable
across representative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
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valuable.

Digital dispatch of ground resources must be treated as a controlled operational
capability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [140, 142].

Data preparation for this capability includes vehicle location, qualification, bat-
tery state and turnaround milestones. Every field requires an authoritative source, up-
date rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns assignment of equipment and
teams to time-critical tasks. A dashboard is useful only when a threshold activates
a defined response, identifies the person with authority and records the resulting ac-
tion. Alternative responses should be tested under normal demand, concentrated peaks,
equipment failure and degraded communication. The preferred response is the one that
improves the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in excessive utilization, travel conflicts and
delayed status reporting. Controls should include access management, fallback proce-
dures, staff training, model monitoring and periodic review of assumptions. A pilot
stage should compare the proposed process with a documented baseline, and expansion
should occur only after safety, quality and productivity results remain stable across rep-
resentative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
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diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Collaborative milestone control must be treated as a controlled operational ca-
pability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [145, 150].

Data preparation for this capability includes planned, predicted and actual times
with responsible owners. Every field requires an authoritative source, update rule, val-
idation threshold and retention policy. Missing or delayed values should produce an
explicit quality status instead of being silently replaced. Historical records support cal-
ibration, while live records support operational use; the two datasets must use compat-
ible definitions.

The principal management decision concerns early intervention when departure
readiness becomes uncertain. A dashboard is useful only when a threshold activates
a defined response, identifies the person with authority and records the resulting ac-
tion. Alternative responses should be tested under normal demand, concentrated peaks,
equipment failure and degraded communication. The preferred response is the one that
improves the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in artificially stable estimates, missing
ownership and repeated resource movement. Controls should include access man-
agement, fallback procedures, staff training, model monitoring and periodic review of
assumptions. A pilot stage should compare the proposed process with a documented
baseline, and expansion should occur only after safety, quality and productivity results
remain stable across representative operating conditions.

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.
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Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

Passenger-process simulation must be treated as a controlled operational capa-
bility rather than as an isolated software function. Its design begins with a precise de-
scription of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [146, 148].

Data preparation for this capability includes arrival distributions, routing rules,
resource calendars and failure scenarios. Every field requires an authoritative source,
update rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns comparison of layouts, staffing
plans and control strategies before implementation. A dashboard is useful only when a
threshold activates a defined response, identifies the person with authority and records
the resulting action. Alternative responses should be tested under normal demand, con-
centrated peaks, equipment failure and degraded communication. The preferred re-
sponse is the one that improves the complete passenger and aircraft process rather than
one local indicator.

Implementation risk is concentrated in unvalidated assumptions, insufficient
scenarios and misuse of average values. Controls should include access management,
fallback procedures, staff training, model monitoring and periodic review of assump-
tions. A pilot stage should compare the proposed process with a documented baseline,
and expansion should occur only after safety, quality and productivity results remain
stable across representative operating conditions.

The capability should be reviewed through a recurring cycle of measurement,
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Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.
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6.3. Sustainable development and prospects for the organization
of passenger air transport

Digital systems support sustainability by measuring energy and emissions, coordinating
resources and testing alternative operations. The system boundary should include ter-
minal, airside and ground-access activities. Improvement must be demonstrated against
a comparable baseline [144].

Energy intensity is given by formula (213):

IE =
Eairport

Npassenger
. (213)

Weather, terminal use and traffic composition should be normalized. The indicator can
be segmented by facility or process.

The avoided-emission estimate is given by formula (214):

∆E = Ebaseline − Edigital. (214)

The digital scenario includes the energy used by sensors, computing and communica-
tion. Benefits should not be double counted across projects.

The electric-equipment charging peak is given by formula (215):

Ppeak = max
t

N∑
e=1

pe(t). (215)

Scheduling can shift flexible charging away from terminal and grid peaks. Minimum
state-of-charge constraints protect operational readiness.

The sustainability score is given by formula (216):

SUS = ωEzE + ωCzC + ωQzQ + ωRzR. (216)

The components represent energy, carbon, service quality and resilience. A balanced
index prevents environmental measures from being evaluated without passenger and
continuity effects.
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Figure 47: Illustrative relationship between digital coordination and ground-energy use

Description of the graph. Ground-energy use declines as coordination maturity
increases. Early gains arise from visibility of idle running and equipment location.
Later gains depend on integrated dispatch and charging schedules. The curve does not
imply that software alone creates the reduction. Vehicle technology, electricity supply
and employee practice remain important.

Table 28: Digital contributions to sustainable airport operation

Application Sustainability effect Verification measure

Resource dispatch Less travel and idle operation Energy per completed task
Predictive maintenance Longer asset life and fewer failures Avoided replacement and downtime
Building control Reduced heating and cooling demand Weather-normalized energy
Passenger-flow
prediction

Better matching of open capacity Energy and service per passenger

Charging optimization Lower peaks and improved renewable
use

Load profile and readiness

City and infrastructure twins can connect airport decisions with land use, trans-
port access and environmental conditions [149]. Transformation governance should
make sustainability indicators part of routine investment and operating decisions [147].

Digital terminal-energy management must be treated as a controlled operational
capability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
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staffing [144, 149].
Data preparation for this capability includes occupancy, weather, equipment

load and indoor-condition measurements. Every field requires an authoritative source,
update rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns adjustment of heating, cooling,
lighting and ventilation schedules. A dashboard is useful only when a threshold ac-
tivates a defined response, identifies the person with authority and records the result-
ing action. Alternative responses should be tested under normal demand, concentrated
peaks, equipment failure and degraded communication. The preferred response is the
one that improves the complete passenger and aircraft process rather than one local
indicator.

Implementation risk is concentrated in passenger discomfort, sensor bias and
peak-load transfer. Controls should include access management, fallback procedures,
staff training, model monitoring and periodic review of assumptions. A pilot stage
should compare the proposed process with a documented baseline, and expansion
should occur only after safety, quality and productivity results remain stable across
representative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Electric ground-fleet coordination must be treated as a controlled operational
capability rather than as an isolated software function. Its design begins with a precise
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description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [140, 144].

Data preparation for this capability includes task demand, vehicle charge,
charger availability and energy price. Every field requires an authoritative source, up-
date rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns dispatch and charging that pre-
serve operational reserve. A dashboard is useful only when a threshold activates a de-
fined response, identifies the person with authority and records the resulting action. Al-
ternative responses should be tested under normal demand, concentrated peaks, equip-
ment failure and degraded communication. The preferred response is the one that im-
proves the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in battery degradation, simultaneous charg-
ing and unavailable connectors. Controls should include access management, fallback
procedures, staff training, model monitoring and periodic review of assumptions. A
pilot stage should compare the proposed process with a documented baseline, and ex-
pansion should occur only after safety, quality and productivity results remain stable
across representative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
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valuable.

Digital taxi and stand coordination must be treated as a controlled operational
capability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [141, 144].

Data preparation for this capability includes aircraft readiness, route occupancy,
pushback sequence and restrictions. Every field requires an authoritative source, up-
date rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns reduction of waitingwith safe sep-
aration and feasible stand release. A dashboard is useful only when a threshold activates
a defined response, identifies the person with authority and records the resulting ac-
tion. Alternative responses should be tested under normal demand, concentrated peaks,
equipment failure and degraded communication. The preferred response is the one that
improves the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in optimistic readiness data, route conflicts
and disruption propagation. Controls should include access management, fallback pro-
cedures, staff training, model monitoring and periodic review of assumptions. A pilot
stage should compare the proposed process with a documented baseline, and expansion
should occur only after safety, quality and productivity results remain stable across rep-
resentative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
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diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Environmental performance monitoring must be treated as a controlled oper-
ational capability rather than as an isolated software function. Its design begins with
a precise description of the physical process, the responsible organizations, the events
that change system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [144, 147].

Data preparation for this capability includes meter data, emission factors, pas-
senger volumes and operational boundaries. Every field requires an authoritative
source, update rule, validation threshold and retention policy. Missing or delayed values
should produce an explicit quality status instead of being silently replaced. Historical
records support calibration, while live records support operational use; the two datasets
must use compatible definitions.

The principal management decision concerns verification of claimed energy and
emission reductions. A dashboard is useful only when a threshold activates a defined
response, identifies the person with authority and records the resulting action. Alterna-
tive responses should be tested under normal demand, concentrated peaks, equipment
failure and degraded communication. The preferred response is the one that improves
the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in inconsistent baselines, double counting
and omitted digital-system energy. Controls should include access management, fall-
back procedures, staff training, model monitoring and periodic review of assumptions.
A pilot stage should compare the proposed process with a documented baseline, and
expansion should occur only after safety, quality and productivity results remain stable
across representative operating conditions.

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.
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Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

Sustainable infrastructure scenarios must be treated as a controlled operational
capability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [149, 151].

Data preparation for this capability includes traffic forecasts, technology adop-
tion, energy supply and asset life cycles. Every field requires an authoritative source,
update rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principalmanagement decision concerns selection of staged investments ro-
bust to demand and technology uncertainty. A dashboard is useful only when a thresh-
old activates a defined response, identifies the person with authority and records the
resulting action. Alternative responses should be tested under normal demand, concen-
trated peaks, equipment failure and degraded communication. The preferred response
is the one that improves the complete passenger and aircraft process rather than one
local indicator.

Implementation risk is concentrated in premature investment, incompatible sys-
tems and stranded infrastructure. Controls should include access management, fallback
procedures, staff training, model monitoring and periodic review of assumptions. A
pilot stage should compare the proposed process with a documented baseline, and ex-
pansion should occur only after safety, quality and productivity results remain stable
across representative operating conditions.

The capability should be reviewed through a recurring cycle of measurement,
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Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.
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6.4. Integration of airline, airport, and ground handling informa-
tion systems

Integrated operations require consistent flight, passenger, baggage, resource and infras-
tructure data. Interfaces should define authoritative sources, identifiers, event times and
failure behaviour. Integration is an organizational agreement supported by technology
rather than a software connection alone.

Interface completeness is given by formula (217):

IC =
N valid

fields

N required
fields

× 100%. (217)

Critical fields should be monitored separately. A message can be syntactically valid
while containing obsolete operational status.

Information latency is given by formula (218):

LI = tavailable − tgenerated. (218)

Percentiles reveal rare but operationally serious delays. The acceptable value depends
on the decision horizon.

System availability is given by formula (219):

As =
T − Tdown

T
. (219)

Availability should include interfaces and dependent services. Fallback operation must
be tested when a central platform is unavailable.

Data-integrity risk is given by formula (220):

RD =
∑
i

piIi. (220)

Manipulated or inconsistent information can create unsafe resource decisions. Secure
industrial connectivity and digital-twin exchange require authentication, access control
and monitoring [152].
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Figure 48: Integrated information exchange among passenger air-transport participants

Description of the graph. The operational data hub connects airline, airport,
handler and passenger channels. Bidirectional exchange allows each participant to re-
ceive updates and return confirmed events. The hub does not remove ownership of
source data. Access rules limit each user to information required for the task. Fallback
procedures are necessary when the central exchange is unavailable.

Table 29: Principal fields for operational system integration

Data group Authoritative content Main consumer

Flight Schedule, estimates and status All operational participants
Passenger Acceptance, assistance and connection Airline and passenger services
Baggage Tag, screening and loading status Handler and load control
Resource Stand, gate, vehicle and staff allocation Airport and handler control
Infrastructure Capacity, failure and restriction Operations centres

Digital-twin archetypes help define whether information exchange is descrip-
tive, predictive or control-oriented [150, 153].

Communication security must also address aviation-specific links such as
controller–pilot data exchange [155].

Common operational data exchange must be treated as a controlled operational
capability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [150, 153].

Data preparation for this capability includes flight identifiers, event definitions,
source authority and message quality. Every field requires an authoritative source, up-
date rule, validation threshold and retention policy. Missing or delayed values should
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produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns acceptance or rejection of con-
flicting operational updates. A dashboard is useful only when a threshold activates
a defined response, identifies the person with authority and records the resulting ac-
tion. Alternative responses should be tested under normal demand, concentrated peaks,
equipment failure and degraded communication. The preferred response is the one that
improves the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in duplicate truth sources, semantic mis-
match and late correction. Controls should include access management, fallback pro-
cedures, staff training, model monitoring and periodic review of assumptions. A pilot
stage should compare the proposed process with a documented baseline, and expansion
should occur only after safety, quality and productivity results remain stable across rep-
resentative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Passenger–baggage information linkage must be treated as a controlled oper-
ational capability rather than as an isolated software function. Its design begins with
a precise description of the physical process, the responsible organizations, the events
that change system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [152, 155].
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Data preparation for this capability includes passenger acceptance, tag identity,
screening, loading and transfer status. Every field requires an authoritative source, up-
date rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns reconciliation and exception rout-
ing before aircraft closure. A dashboard is useful only when a threshold activates
a defined response, identifies the person with authority and records the resulting ac-
tion. Alternative responses should be tested under normal demand, concentrated peaks,
equipment failure and degraded communication. The preferred response is the one that
improves the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in orphan records, separate tickets and
network interruption. Controls should include access management, fallback proce-
dures, staff training, model monitoring and periodic review of assumptions. A pilot
stage should compare the proposed process with a documented baseline, and expansion
should occur only after safety, quality and productivity results remain stable across rep-
resentative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Integrated disruption information must be treated as a controlled operational
capability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.
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The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [147, 150].

Data preparation for this capability includes aircraft, crew, passenger, baggage
and airport alternatives. Every field requires an authoritative source, update rule, val-
idation threshold and retention policy. Missing or delayed values should produce an
explicit quality status instead of being silently replaced. Historical records support cal-
ibration, while live records support operational use; the two datasets must use compat-
ible definitions.

The principal management decision concerns selection and communication of a
feasible recovery plan. A dashboard is useful only when a threshold activates a defined
response, identifies the person with authority and records the resulting action. Alterna-
tive responses should be tested under normal demand, concentrated peaks, equipment
failure and degraded communication. The preferred response is the one that improves
the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in partial optimization, inconsistent mes-
sages and delayed authority. Controls should include access management, fallback
procedures, staff training, model monitoring and periodic review of assumptions. A
pilot stage should compare the proposed process with a documented baseline, and ex-
pansion should occur only after safety, quality and productivity results remain stable
across representative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Secure operational interfaces must be treated as a controlled operational capa-
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bility rather than as an isolated software function. Its design begins with a precise de-
scription of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [155, 160].

Data preparation for this capability includes authentication events, access roles,
message signatures and anomaly alerts. Every field requires an authoritative source,
update rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns blocking or isolating a suspicious
exchange without stopping safe operations. A dashboard is useful only when a thresh-
old activates a defined response, identifies the person with authority and records the
resulting action. Alternative responses should be tested under normal demand, concen-
trated peaks, equipment failure and degraded communication. The preferred response
is the one that improves the complete passenger and aircraft process rather than one
local indicator.

Implementation risk is concentrated in credential compromise, replay and unau-
thorized data modification. Controls should include access management, fallback pro-
cedures, staff training, model monitoring and periodic review of assumptions. A pilot
stage should compare the proposed process with a documented baseline, and expansion
should occur only after safety, quality and productivity results remain stable across rep-
resentative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
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riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Integrated-system degraded mode must be treated as a controlled operational
capability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [152, 160].

Data preparation for this capability includes local caches, fallback communica-
tions, manual logs and restoration status. Every field requires an authoritative source,
update rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns transition between automated, de-
graded and restored operation. A dashboard is useful only when a threshold activates
a defined response, identifies the person with authority and records the resulting ac-
tion. Alternative responses should be tested under normal demand, concentrated peaks,
equipment failure and degraded communication. The preferred response is the one that
improves the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in data divergence, uncontrolled synchro-
nization and unclear recovery priority. Controls should include access management,
fallback procedures, staff training, model monitoring and periodic review of assump-
tions. A pilot stage should compare the proposed process with a documented baseline,
and expansion should occur only after safety, quality and productivity results remain
stable across representative operating conditions.

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.
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Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps
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6.5. Application of artificial intelligence for forecasting and deci-
sion support

Artificial intelligence can forecast passenger demand, delay, equipment condition and
resource conflicts. Decision support should present uncertainty and relevant drivers
rather than only one recommended action. Physics-informed learning can combine op-
erational observations with known process constraints [148].

Mean absolute prediction error is given by formula (221):

MAE =
1

N

N∑
i=1

|yi − ŷi|. (221)

Results should be segmented by horizon and operating regime. Aggregate accuracy can
conceal failure during peaks.

Classification precision is given by formula (222):

Precision =
TP

TP + FP
. (222)

False-alert cost determines whether precision or recall receives greater emphasis. Se-
curity and safety applications normally require both.

Decision confidence is given by formula (223):

Cd = 1− H(p)
logK. (223)

The normalized entropy of class probabilities expresses model certainty. Low confi-
dence should trigger human review rather than automatic action.

Explanation fidelity is given by formula (224):

FX = 1− 1

N

∑
i

|f(xi)− g(xi)|. (224)

Here, g is an interpretable approximation of model f after normalization. Explanations
must be accurate enough to support accountable decisions [145].
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Figure 49: Illustrative relationship between prediction horizon and delay-forecast error

Description of the graph. Forecast error grows as the prediction horizon be-
comes longer. Near-term estimates benefit from current milestones and resource states.
Strategic estimates depend more heavily on uncertain future events. Decision thresh-
olds should therefore vary with the horizon. Prediction intervals are required when
consequences are asymmetric.

Table 30: Artificial-intelligence applications in passenger air transport

Application Model output Required oversight

Demand forecast Passenger volume and distribution Scenario and drift review
Delay prediction Probability and expected duration Cause and horizon validation
Maintenance Anomaly and remaining life Engineering authorization
Passenger service Recommendation and assistance need Fairness and privacy review
Security monitoring Attack or anomaly alert False-alert and response control

Deep models can detect spoofing patterns in surveillance data [158].
High-stakes use requires interpretable evidence and protection against manipu-

lated input [145, 159].

Passenger-demand forecasting must be treated as a controlled operational ca-
pability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [145, 148].
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Data preparation for this capability includes bookings, schedules, fares, events
and economic indicators. Every field requires an authoritative source, update rule, val-
idation threshold and retention policy. Missing or delayed values should produce an
explicit quality status instead of being silently replaced. Historical records support cal-
ibration, while live records support operational use; the two datasets must use compat-
ible definitions.

The principal management decision concerns selection of staffing, capacity and
schedule response to predicted demand. A dashboard is useful only when a threshold
activates a defined response, identifies the person with authority and records the result-
ing action. Alternative responses should be tested under normal demand, concentrated
peaks, equipment failure and degraded communication. The preferred response is the
one that improves the complete passenger and aircraft process rather than one local
indicator.

Implementation risk is concentrated in structural breaks, biased samples and
unreported forecast uncertainty. Controls should include access management, fallback
procedures, staff training, model monitoring and periodic review of assumptions. A
pilot stage should compare the proposed process with a documented baseline, and ex-
pansion should occur only after safety, quality and productivity results remain stable
across representative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Flight-delay prediction must be treated as a controlled operational capability
rather than as an isolated software function. Its design begins with a precise description
of the physical process, the responsible organizations, the events that change system
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state and the decisions expected from the digital output.
The analytical boundary must remain stable so that observed improvement

can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [145, 150].

Data preparation for this capability includes operational milestones, weather,
airspace and preceding rotations. Every field requires an authoritative source, update
rule, validation threshold and retention policy. Missing or delayed values should pro-
duce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns proactive reassignment and pas-
senger recovery before delay propagation. A dashboard is useful only when a threshold
activates a defined response, identifies the person with authority and records the result-
ing action. Alternative responses should be tested under normal demand, concentrated
peaks, equipment failure and degraded communication. The preferred response is the
one that improves the complete passenger and aircraft process rather than one local
indicator.

Implementation risk is concentrated in data leakage, horizon-dependent accu-
racy and false confidence. Controls should include access management, fallback pro-
cedures, staff training, model monitoring and periodic review of assumptions. A pilot
stage should compare the proposed process with a documented baseline, and expansion
should occur only after safety, quality and productivity results remain stable across rep-
resentative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
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valuable.

AI-supported condition forecasting must be treated as a controlled operational
capability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [142, 148].

Data preparation for this capability includes sensor history, maintenance find-
ings, usage and environmental exposure. Every field requires an authoritative source,
update rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns timing of inspection or compo-
nent action within airworthiness limits. A dashboard is useful only when a threshold
activates a defined response, identifies the person with authority and records the result-
ing action. Alternative responses should be tested under normal demand, concentrated
peaks, equipment failure and degraded communication. The preferred response is the
one that improves the complete passenger and aircraft process rather than one local
indicator.

Implementation risk is concentrated in model drift, false alarms and incomplete
physical representation. Controls should include access management, fallback proce-
dures, staff training, model monitoring and periodic review of assumptions. A pilot
stage should compare the proposed process with a documented baseline, and expansion
should occur only after safety, quality and productivity results remain stable across rep-
resentative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps
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The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

AI surveillance anomaly detection must be treated as a controlled operational
capability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [158, 159].

Data preparation for this capability includes trajectory consistency, signal fea-
tures, receiver state and network context. Every field requires an authoritative source,
update rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns escalation of suspected spoofing
or jamming for operational verification. A dashboard is useful only when a threshold
activates a defined response, identifies the person with authority and records the result-
ing action. Alternative responses should be tested under normal demand, concentrated
peaks, equipment failure and degraded communication. The preferred response is the
one that improves the complete passenger and aircraft process rather than one local
indicator.

Implementation risk is concentrated in adversarial input, false positives and un-
available independent evidence. Controls should include access management, fallback
procedures, staff training, model monitoring and periodic review of assumptions. A
pilot stage should compare the proposed process with a documented baseline, and ex-
pansion should occur only after safety, quality and productivity results remain stable
across representative operating conditions.

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
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Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

from concealing poor performance in the exact situations where digital support is most
valuable.

Explainable decision support must be treated as a controlled operational capa-
bility rather than as an isolated software function. Its design begins with a precise de-
scription of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [145, 148].

Data preparation for this capability includes model features, confidence, alter-
natives and recorded human overrides. Every field requires an authoritative source, up-
date rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns acceptance, modification or rejec-
tion of a model recommendation. A dashboard is useful only when a threshold activates
a defined response, identifies the person with authority and records the resulting ac-
tion. Alternative responses should be tested under normal demand, concentrated peaks,
equipment failure and degraded communication. The preferred response is the one that
improves the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in plausible but inaccurate explanations
and automation bias. Controls should include access management, fallback proce-
dures, staff training, model monitoring and periodic review of assumptions. A pilot
stage should compare the proposed process with a documented baseline, and expansion
should occur only after safety, quality and productivity results remain stable across rep-
resentative operating conditions.
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Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.
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6.6. Economic evaluation of digital technology implementation

Digital projects should be evaluated through measurable process changes. Benefits
may include saved labour time, avoided delay, greater capacity, lower energy use and
reduced failure. Costs continue after implementation through licensing, integration,
cybersecurity, training and model maintenance.

Net present value is given by formula (225):

NPV = −I0 +
T∑
t=1

Bt − Ct

(1 + d)t
. (225)

Benefits should be attributed only when the digital project changes the outcome. Sen-
sitivity analysis is required for adoption and integration assumptions.

Payback time is given by formula (226):

TPB = min
{
t :

t∑
k=1

(Bk − Ck) ≥ I0

}
. (226)

The measure is intuitive but ignores benefits after payback and discounting unless mod-
ified.

Benefit–cost ratio is given by formula (227):

BCR =

∑
tBt/(1 + d)t

I0 +
∑

tCt/(1 + d)t
. (227)

A value above one indicates positive discounted net benefit. Projects should use the
same boundary when compared.

Expected cyber-loss reduction is given by formula (228):

∆L =
∑
i

(p0i − p1i )Ii. (228)

Security benefits include avoided operational interruption and data compromise.
Surveillance and communication vulnerabilities make these effects economically rel-
evant [157, 160].
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Figure 50: Illustrative cumulative value of a digital technology project

Description of the graph. The project begins with a substantial negative invest-
ment value. Annual operating benefits reduce the deficit during the first two years.
The cumulative value becomes positive during the third year. Later years produce in-
creasing net benefit. Scenario analysis should test whether slower adoption delays the
crossing point.

Table 31: Economic effects of digital technology implementation

Effect Measurement Frequent error

Labour Hours saved or reassigned Treating reassignment as cash saving
Capacity Additional sustainable throughput Ignoring connected bottlenecks
Reliability Avoided delay and downtime Using unsupported failure reduction
Passenger value Time, completion and loyalty Double counting revenue effects
Security Avoided expected loss Omitting continuing control cost

Digital transformation research emphasizes organizational change and capabil-
ity development [147, 151]. Economic evaluation should therefore include transition
and governance, not only software purchase.

Self-service investment appraisal must be treated as a controlled operational
capability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [147, 151].
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Data preparation for this capability includes transaction demand, processing
time, device cost and exception staffing. Every field requires an authoritative source,
update rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns selection of deployment scale and
implementation sequence. A dashboard is useful only when a threshold activates a de-
fined response, identifies the person with authority and records the resulting action. Al-
ternative responses should be tested under normal demand, concentrated peaks, equip-
ment failure and degraded communication. The preferred response is the one that im-
proves the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in overestimated adoption, omitted support
cost and connected bottlenecks. Controls should include access management, fallback
procedures, staff training, model monitoring and periodic review of assumptions. A
pilot stage should compare the proposed process with a documented baseline, and ex-
pansion should occur only after safety, quality and productivity results remain stable
across representative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Digital-twin economic appraisal must be treated as a controlled operational ca-
pability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.
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The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [140, 146].

Data preparation for this capability includes sensor coverage, model fidelity,
integration effort and avoided failures. Every field requires an authoritative source,
update rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns selection of assets and decisions
that justify twin development. A dashboard is useful only when a threshold activates
a defined response, identifies the person with authority and records the resulting ac-
tion. Alternative responses should be tested under normal demand, concentrated peaks,
equipment failure and degraded communication. The preferred response is the one that
improves the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in unclear use case, continuing model cost
and duplicated platforms. Controls should include access management, fallback pro-
cedures, staff training, model monitoring and periodic review of assumptions. A pilot
stage should compare the proposed process with a documented baseline, and expansion
should occur only after safety, quality and productivity results remain stable across rep-
resentative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Operational data-platform appraisal must be treated as a controlled operational
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capability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [150, 153].

Data preparation for this capability includes interface costs, decision latency,
data quality and user participation. Every field requires an authoritative source, up-
date rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns prioritization of integrations with
measurable cross-organizational benefit. A dashboard is useful only when a threshold
activates a defined response, identifies the person with authority and records the result-
ing action. Alternative responses should be tested under normal demand, concentrated
peaks, equipment failure and degraded communication. The preferred response is the
one that improves the complete passenger and aircraft process rather than one local
indicator.

Implementation risk is concentrated in benefit double counting, weak owner-
ship and vendor dependence. Controls should include access management, fallback
procedures, staff training, model monitoring and periodic review of assumptions. A
pilot stage should compare the proposed process with a documented baseline, and ex-
pansion should occur only after safety, quality and productivity results remain stable
across representative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
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riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Cybersecurity investment appraisal must be treated as a controlled operational
capability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [159, 160].

Data preparation for this capability includes threat likelihood, operational con-
sequence, control effectiveness and recovery cost. Every field requires an authoritative
source, update rule, validation threshold and retention policy. Missing or delayed values
should produce an explicit quality status instead of being silently replaced. Historical
records support calibration, while live records support operational use; the two datasets
must use compatible definitions.

The principal management decision concerns selection of layered controls and
continuity resources. A dashboard is useful only when a threshold activates a defined
response, identifies the person with authority and records the resulting action. Alterna-
tive responses should be tested under normal demand, concentrated peaks, equipment
failure and degraded communication. The preferred response is the one that improves
the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in rare-event uncertainty, displaced risk and
underestimated downtime. Controls should include access management, fallback pro-
cedures, staff training, model monitoring and periodic review of assumptions. A pilot
stage should compare the proposed process with a documented baseline, and expansion
should occur only after safety, quality and productivity results remain stable across rep-
resentative operating conditions.

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Digital-project portfolio planning must be treated as a controlled operational
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Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

capability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [147, 151].

Data preparation for this capability includes project dependencies, resource lim-
its, readiness and expected benefit. Every field requires an authoritative source, update
rule, validation threshold and retention policy. Missing or delayed values should pro-
duce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns sequencing initiatives to create
enabling capabilities before advanced analytics. A dashboard is useful only when a
threshold activates a defined response, identifies the person with authority and records
the resulting action. Alternative responses should be tested under normal demand, con-
centrated peaks, equipment failure and degraded communication. The preferred re-
sponse is the one that improves the complete passenger and aircraft process rather than
one local indicator.

Implementation risk is concentrated in parallel overload, incompatible archi-
tectures and unrealized benefits. Controls should include access management, fallback
procedures, staff training, model monitoring and periodic review of assumptions. A
pilot stage should compare the proposed process with a documented baseline, and ex-
pansion should occur only after safety, quality and productivity results remain stable
across representative operating conditions.

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
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Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.
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6.7. Prospects for the digital transformation of passenger air trans-
port

Future passenger air transport will use more connected models, adaptive automation
and cross-organizational data exchange. Development should proceed through con-
trolled maturity stages so that operational value, security and employee competence
grow together.

Digital maturity is given by formula (229):

DM =
K∑
k=1

wkmk. (229)

Capabilities include data, integration, analytics, governance, security and skills. A high
average should not conceal a critical weakness.

Transformation readiness is given by formula (230):

TR = DM Or Sr, (230)

where organizational and security readiness are expressed as fractions. The multiplica-
tive form penalizes imbalance between technology and governance.

The secure-data trust score is given by formula (231):

DT = αA+ βI + γC, (231)

where availability, integrity and confidentiality are normalized. Aviation surveillance
and communication require particular protection against spoofing and jamming [156,
157].

The transformation priority is given by formula (232):

TPj =
VjRj

CjTj
. (232)

Value and readiness increase priority, while cost and implementation time reduce it.
Mandatory security or safety actions should not be ranked solely by this ratio.
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Figure 51: Illustrative operational value across digital maturity levels

Description of the graph. Operational value increases at every maturity level.
Early stages provide visibility and standardized data. Larger gains occur when inte-
grated prediction supports coordinated decisions. The highest level requires gover-
nance, security and continuous learning. Organizations should not automate unstable
processes merely to claim greater maturity.

Table 32: Prospective stages of passenger-air-transport digital transformation

Stage Dominant capability Management focus

Digitized Reliable electronic records Data definition and quality
Connected Cross-system event exchange Interfaces and ownership
Predictive Forecasts and anomaly detection Validation and uncertainty
Prescriptive Ranked operational alternatives Authority and explanation
Adaptive Controlled feedback and learning Safety, security and audit

Digital-twin research identifies interoperability, fidelity and life-cycle gover-
nance as continuing challenges [140, 150].

Secure industrial connectivity and intrusion detection must develop with inte-
gration [152, 160].

Cryptographic protection alone cannot solve every surveillance threat, so lay-
ered monitoring and operational fallback remain necessary [159].

Future autonomous aircraft and drone-related services will add safety, privacy
and command-link requirements to the airport digital ecosystem [154].

Airport digital-twin ecosystems must be treated as a controlled operational ca-
pability rather than as an isolated software function. Its design begins with a precise
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description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [140, 149].

Data preparation for this capability includes asset models, passenger flows, en-
vironmental state and operational events. Every field requires an authoritative source,
update rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns coordination of infrastructure and
service decisions across time horizons. A dashboard is useful only when a threshold
activates a defined response, identifies the person with authority and records the result-
ing action. Alternative responses should be tested under normal demand, concentrated
peaks, equipment failure and degraded communication. The preferred response is the
one that improves the complete passenger and aircraft process rather than one local
indicator.

Implementation risk is concentrated in model inconsistency, excessive com-
plexity and uncertain ownership. Controls should include access management, fallback
procedures, staff training, model monitoring and periodic review of assumptions. A
pilot stage should compare the proposed process with a documented baseline, and ex-
pansion should occur only after safety, quality and productivity results remain stable
across representative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
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from concealing poor performance in the exact situations where digital support is most
valuable.

Adaptive passenger services must be treated as a controlled operational capa-
bility rather than as an isolated software function. Its design begins with a precise de-
scription of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [145, 147].

Data preparation for this capability includes journey context, accessibility
needs, disruption state and channel preference. Every field requires an authoritative
source, update rule, validation threshold and retention policy. Missing or delayed val-
ues should produce an explicit quality status instead of being silently replaced. His-
torical records support calibration, while live records support operational use; the two
datasets must use compatible definitions.

The principal management decision concerns personalization that remains fair,
transparent and operationally feasible. A dashboard is useful only when a threshold
activates a defined response, identifies the person with authority and records the result-
ing action. Alternative responses should be tested under normal demand, concentrated
peaks, equipment failure and degraded communication. The preferred response is the
one that improves the complete passenger and aircraft process rather than one local
indicator.

Implementation risk is concentrated in privacy intrusion, discriminatory out-
comes and unstable recommendations. Controls should include access management,
fallback procedures, staff training, model monitoring and periodic review of assump-
tions. A pilot stage should compare the proposed process with a documented baseline,
and expansion should occur only after safety, quality and productivity results remain
stable across representative operating conditions.

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Autonomous airside operations must be treated as a controlled operational ca-
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Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

pability rather than as an isolated software function. Its design begins with a precise
description of the physical process, the responsible organizations, the events that change
system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [154, 160].

Data preparation for this capability includes vehicle perception, route authoriza-
tion, human supervision and conflict state. Every field requires an authoritative source,
update rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns controlled movement and safe
transfer to manual operation. A dashboard is useful only when a threshold activates
a defined response, identifies the person with authority and records the resulting ac-
tion. Alternative responses should be tested under normal demand, concentrated peaks,
equipment failure and degraded communication. The preferred response is the one that
improves the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in sensor deception, communication loss
and unclear responsibility. Controls should include access management, fallback pro-
cedures, staff training, model monitoring and periodic review of assumptions. A pilot
stage should compare the proposed process with a documented baseline, and expansion
should occur only after safety, quality and productivity results remain stable across rep-
resentative operating conditions.

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
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Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

from concealing poor performance in the exact situations where digital support is most
valuable.

Future secure surveillance and communication must be treated as a controlled
operational capability rather than as an isolated software function. Its design begins
with a precise description of the physical process, the responsible organizations, the
events that change system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [156, 159].

Data preparation for this capability includes signal authentication, receiver di-
versity, network alerts and operational cross-checks. Every field requires an authorita-
tive source, update rule, validation threshold and retention policy. Missing or delayed
values should produce an explicit quality status instead of being silently replaced. His-
torical records support calibration, while live records support operational use; the two
datasets must use compatible definitions.

The principal management decision concerns selection of trustworthy informa-
tion during suspected attack. A dashboard is useful only when a threshold activates
a defined response, identifies the person with authority and records the resulting ac-
tion. Alternative responses should be tested under normal demand, concentrated peaks,
equipment failure and degraded communication. The preferred response is the one that
improves the complete passenger and aircraft process rather than one local indicator.

Implementation risk is concentrated in spoofing, jamming and dependence on
a single protection mechanism. Controls should include access management, fallback
procedures, staff training, model monitoring and periodic review of assumptions. A
pilot stage should compare the proposed process with a documented baseline, and ex-
pansion should occur only after safety, quality and productivity results remain stable
across representative operating conditions.
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Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.

Long-term digital-transformation governance must be treated as a controlled
operational capability rather than as an isolated software function. Its design begins
with a precise description of the physical process, the responsible organizations, the
events that change system state and the decisions expected from the digital output.

The analytical boundary must remain stable so that observed improvement
can be attributed to the intervention rather than to unrelated changes in traffic or
staffing [147, 153].

Data preparation for this capability includes capability maturity, architecture,
workforce skills and audited outcomes. Every field requires an authoritative source,
update rule, validation threshold and retention policy. Missing or delayed values should
produce an explicit quality status instead of being silently replaced. Historical records
support calibration, while live records support operational use; the two datasets must
use compatible definitions.

The principal management decision concerns revision of the roadmap as tech-
nology and operational evidence develop. A dashboard is useful only when a threshold
activates a defined response, identifies the person with authority and records the result-
ing action. Alternative responses should be tested under normal demand, concentrated
peaks, equipment failure and degraded communication. The preferred response is the
one that improves the complete passenger and aircraft process rather than one local
indicator.

Implementation risk is concentrated in technology-led change, fragmented in-
vestment and loss of human competence. Controls should include access management,
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fallback procedures, staff training, model monitoring and periodic review of assump-
tions. A pilot stage should compare the proposed process with a documented baseline,
and expansion should occur only after safety, quality and productivity results remain
stable across representative operating conditions.

Control dimension Evidence required Management response

Data quality Completeness, latency and consistency Correct source or suspend automated
use

Operational value Time, capacity, cost and quality change Retain, redesign or scale the capability
Reliability Availability and recovery performance Activate redundancy and continuity ac-

tion
Human factors Override, workload and training results Revise interface, authority or instruc-

tion
Governance Ownership, audit trail and compliance Escalate unresolved responsibility gaps

The capability should be reviewed through a recurring cycle of measurement,
diagnosis, corrective action and verification. Results must be segmented by traffic pe-
riod, passenger category and disruption condition. This prevents a favourable average
from concealing poor performance in the exact situations where digital support is most
valuable.
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CHAPTER 7

CONTEMPORARY CYBER THREATS IN THE AVIATION
SECTOR

Civil aviation increasingly depends on connected information, communication
and operational-technology systems. Passenger processing, baggage reconciliation,
flight planning, surveillance, navigation, maintenance and airport-resource control ex-
change data across organizational boundaries. This connectivity improves coordination
but also allows a defect or hostile action in one component to affect several operational
processes.

Cybersecurity in aviation is therefore a safety, continuity and service-quality
requirement. Protection cannot be limited to office networks because digital messages
influence physical movement, access to restricted areas and operational decisions. Se-
cure industrial connectivity and digital-twin architectures require controlled interfaces,
trustworthy state data and explicit responsibility for every connection [152, 153].

The threat environment includes unauthorized access, malware, denial of ser-
vice, manipulation of operational data, spoofing, jamming, credential theft and misuse
of legitimate privileges. The consequence depends on the affected function and on the
availability of independent verification. A disrupted administrative service may be in-
convenient, whereas corrupted surveillance or command data can require immediate
operational restrictions.

Air-traffic communication and surveillance illustrate the problem. Controller–
pilot data links require protection of message origin and integrity, while broadcast
surveillance can be exposed to false messages and radio-frequency interference [155,
157].

Authentication can reduce some risks, but cryptographic design must also ad-
dress key management, compatibility, latency and failure recovery [156, 159].

Intrusion detection complements preventive control by identifying unusual se-
quences, values or communication behaviour. Detection must be linked to a response
that an operational team can perform safely. An alert without context, confidence and
an assigned decision owner may increase workload without reducing risk [158, 160].

Global navigation signals, wireless links and remotely piloted systems expand
the set of external dependencies. Cross-checking independent receivers and observa-
tions can support localization of spoofing, while secure cellular and command links re-
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quire protection against interception, impersonation and loss of availability [161, 162].
Unmanned aircraft create additional challenges near airports. Threats may orig-

inate from a compromised authorized vehicle, an unauthorized vehicle, its control sta-
tion or the communication channel between them. Security, privacy and safety must be
evaluated together because a protective action that disables a vehicle can itself create a
physical hazard [154, 163].

Risk management begins with assets and operational consequences rather than
with a generic list of vulnerabilities. The same technical weakness has different signif-
icance in a public information display, a baggage sortation controller and an air-traffic
communication link. Prioritization should include traffic conditions, fallback capacity,
time to detect and time to restore.

Resilience means the ability to maintain or recover an acceptable level of op-
eration during a cyber incident. It requires segmentation, trusted backups, alternate
communication, manual procedures, trained teams and exercises. Recovery is com-
plete only when data, identities, configurations and physical process state have been
reconciled.

Passenger data deserve specific protection because a journey record can com-
bine identity, contact, payment, itinerary, baggage and assistance information. Access
should follow operational need, and exchange between airlines, airports and service
providers should be traceable. Privacy is not achieved by secrecy alone; collection,
retention, reuse and deletion must also be governed.

Personnel remain essential. Employees need to recognize abnormal behaviour,
protect credentials, report events and perform fallback procedures. Specialists require
deeper competence in investigation, containment and restoration, while managers need
authority to balance cyber controls with immediate operational safety.

The chapter examines infrastructure vulnerabilities, threats to airline and airport
systems, passenger-data protection, resilience, regulatory controls, risk management,
training and the creation of a secure aviation digital ecosystem. The objective is a
layered approach in which technology, procedures, organizations and people support
one another.
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7.1. Digital infrastructure of the aviation sector and potential vul-
nerabilities

Aviation digital infrastructure combines enterprise applications, operational databases,
radio systems, sensors, identity services, industrial controllers, cloud platforms and sup-
plier connections. An asset inventory should describe not only hardware and software
but also data flows and physical functions. Digital-twin models can assist by represent-
ing dependencies, provided that their scope and synchronization are controlled [152,
153].

The weighted exposure of an asset is given by formula (233):

Ei =
m∑
j=1

wjxij,
m∑
j=1

wj = 1. (233)

The variables may represent external accessibility, privilege, legacy interfaces and sup-
plier dependence. Critical safety consequence should remain a separate constraint rather
than be hidden by averaging.

The dependency concentration index is given by formula (234):

DC =
n∑

k=1

s2k, (234)

where sk is the share of critical processes dependent on component k. A high value
indicates a common point whose failure can propagate widely.

The attack-surface density is given by formula (235):

ASD =
Ninterface +Nremote +Npriv

Nasset
. (235)

The indicator supports comparison of architectural alternatives. It does not imply that
every interface has equal risk.

The trusted-state coverage is given by formula (236):

TC =
N baseline

asset

N critical
asset

× 100%. (236)

The baseline includes approved configuration, software version and integrity evidence.
Assets without a trusted baseline are difficult to restore confidently.
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Figure 52: Illustrative effect of uncontrolled interfaces on infrastructure exposure

Description of the graph. Exposure rises as undocumented or weakly governed
interfaces accumulate. Initial growth is moderate because some interfaces remain iso-
lated. Growth becomes faster when connections create indirect paths between oper-
ational domains. The curve demonstrates why inventory and segmentation must pre-
cede advanced analytics. Removing obsolete connections can reduce exposure without
changing the core service.

Table 33: Principal aviation digital-infrastructure domains

Domain Typical dependency Essential control

Passenger systems Identity, booking and departure data Access control and traceability
Baggage systems Tags, routing and reconciliation Integrity and physical cross-check
Airport operations Resource and milestone status Segmentation and continuity
Air traffic data Communication and surveillance mes-

sages
Authentication and anomaly detection

Industrial systems Sensors, controllers and actuators Restricted access and trusted recovery

Broadcast and wireless infrastructure needs independent verification because an
apparently well-formed message may be false or replayed [156, 158].

Radio interference additionally requires operational fallback rather than a purely
software response [157].

Aviation asset and interface management is a component of operational safety
and continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
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normal operation, degraded modes, maintenance access and recovery.
The evidence required for control includes network flows, software invento-

ries, supplier links and physical-process mappings. Each record needs an authoritative
source, time stamp, validation rule, retention period and accountable owner. Correla-
tion across independent sources is important because a technically valid message may
still conflict with the physical state of an aircraft, passenger process or airport facil-
ity [152, 153].

The principal operational decision concerns which connections are essential and
which should be removed or isolated. Decision thresholds should distinguish warning,
confirmed incident and emergency conditions. Each threshold must activate a named
role, a communication route and a time limit. Automated blocking is appropriate only
when its safety consequence has been assessed; otherwise the system should isolate the
suspect component while preserving a controlled fallback.

The principal threat is undocumented dependencies and inherited trust between
domains. Assessment should consider attacker capability, exposure time, propaga-
tion through connected systems and the duration of operational consequences. A low-
frequency event can remain a priority when it affects surveillance, flight communica-
tion, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine segmentation, authenticated administration, configu-
ration control and periodic discovery. No single mechanism is sufficient against ev-
ery failure or attack. Technical protection must therefore be supported by procedures,
trained personnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

235



Air-traffic communication protection is a component of operational safety and
continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes message origin, sequence, timing,
route and controller confirmation. Each record needs an authoritative source, time
stamp, validation rule, retention period and accountable owner. Correlation across in-
dependent sources is important because a technically valid message may still conflict
with the physical state of an aircraft, passenger process or airport facility [155, 160].

The principal operational decision concerns whether a questionable message
may be used, cross-checked or rejected. Decision thresholds should distinguish warn-
ing, confirmed incident and emergency conditions. Each threshold must activate a
named role, a communication route and a time limit. Automated blocking is appropri-
ate only when its safety consequence has been assessed; otherwise the system should
isolate the suspect component while preserving a controlled fallback.

The principal threat is impersonation, replay and disruption of controller–pilot
exchange. Assessment should consider attacker capability, exposure time, propaga-
tion through connected systems and the duration of operational consequences. A low-
frequency event can remain a priority when it affects surveillance, flight communica-
tion, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine authentication, independent confirmation, monitoring
and procedural fallback. No single mechanism is sufficient against every failure or
attack. Technical protection must therefore be supported by procedures, trained per-
sonnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
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traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

Surveillance-data integrity is a component of operational safety and continuity,
not merely an information-technology task. Its protection begins with a clear bound-
ary that identifies assets, interfaces, users, suppliers and physical processes affected by
a loss of confidentiality, integrity or availability. The boundary must include normal
operation, degraded modes, maintenance access and recovery.

The evidence required for control includes receiver observations, aircraft tracks,
message consistency and independent sensor data. Each record needs an authoritative
source, time stamp, validation rule, retention period and accountable owner. Correlation
across independent sources is important because a technically valid message may still
conflict with the physical state of an aircraft, passenger process or airport facility [156,
159].

The principal operational decision concerns when a track should be marked un-
certain or excluded from automated use. Decision thresholds should distinguish warn-
ing, confirmed incident and emergency conditions. Each threshold must activate a
named role, a communication route and a time limit. Automated blocking is appropri-
ate only when its safety consequence has been assessed; otherwise the system should
isolate the suspect component while preserving a controlled fallback.

The principal threat is fabricated, altered or replayed surveillance messages.
Assessment should consider attacker capability, exposure time, propagation through
connected systems and the duration of operational consequences. A low-frequency
event can remain a priority when it affects surveillance, flight communication, passen-
ger identity, baggage reconciliation or access to a critical area.

Controls should combine batch verification, multilateration, anomaly detection
and operator confirmation. No single mechanism is sufficient against every failure or
attack. Technical protection must therefore be supported by procedures, trained person-
nel, supplier obligations, exercises and independent verification.

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.
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Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Radio-frequency availability is a component of operational safety and conti-
nuity, not merely an information-technology task. Its protection begins with a clear
boundary that identifies assets, interfaces, users, suppliers and physical processes af-
fected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes signal strength, receiver diversity,
interference location and operational impact. Each record needs an authoritative source,
time stamp, validation rule, retention period and accountable owner. Correlation across
independent sources is important because a technically valid message may still conflict
with the physical state of an aircraft, passenger process or airport facility [157, 161].

The principal operational decision concerns activation of alternate surveillance
or separation procedures. Decision thresholds should distinguish warning, confirmed
incident and emergency conditions. Each threshold must activate a named role, a com-
munication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is low-cost jamming and localized denial of service. Assess-
ment should consider attacker capability, exposure time, propagation through connected
systems and the duration of operational consequences. A low-frequency event can re-
main a priority when it affects surveillance, flight communication, passenger identity,
baggage reconciliation or access to a critical area.

Controls should combine spectrum monitoring, receiver diversity, geographic
correlation and contingency procedures. No single mechanism is sufficient against ev-
ery failure or attack. Technical protection must therefore be supported by procedures,
trained personnel, supplier obligations, exercises and independent verification.

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
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Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

Operational-technology segmentation is a component of operational safety and
continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes controller state, maintenance ses-
sions, firmware, alarms and physical outputs. Each record needs an authoritative source,
time stamp, validation rule, retention period and accountable owner. Correlation across
independent sources is important because a technically valid message may still conflict
with the physical state of an aircraft, passenger process or airport facility [152, 160].

The principal operational decision concerns isolation of a device without creat-
ing an unsafe process state. Decision thresholds should distinguish warning, confirmed
incident and emergency conditions. Each threshold must activate a named role, a com-
munication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is remote compromise and lateral movement from enter-
prise networks. Assessment should consider attacker capability, exposure time, prop-
agation through connected systems and the duration of operational consequences. A
low-frequency event can remain a priority when it affects surveillance, flight commu-
nication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine allow-listed communication, privileged-access con-
trol, trusted backups and recovery tests. No single mechanism is sufficient against ev-
ery failure or attack. Technical protection must therefore be supported by procedures,
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trained personnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.
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7.2. Cyber threats to the information systems of airlines and air-
ports

Airline and airport systems operate as a service chain. A cyber event in reservation,
departure control, flight operations, baggage, access control or resource management
can produce queues, missed connections and delayed aircraft. Threat analysis must
therefore estimate system-wide consequences and not only direct technical damage.

The expected cyber loss is given by formula (237):

Le =
n∑

i=1

pi(C
op
i + Crec

i + Crep
i ). (237)

Operational, recovery and reputational consequences should be evaluated separately.
Rare events can remain material when their interruption cost is high.

The propagation factor is given by formula (238):

PF =
Naffected

process

N initial
system

. (238)

A large value indicates weak segmentation or excessive common dependencies. The
denominator refers to the initially compromised systems.

The detection precision is given by formula (239):

Pd =
TP

TP + FP
. (239)

False alarms consume operational attention and can conceal real incidents. Precision
should be assessed together with recall and detection delay.

The service degradation index is given by formula (240):

SDI =
m∑
j=1

wj

(
1−

Qincident
j

Qnormal
j

)
. (240)

The index can combine check-in, boarding, baggage and turnaround performance. Neg-
ative component values should be reviewed rather than automatically interpreted as im-
provement.
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Figure 53: Illustrative propagation of an uncontained cyber incident

Description of the graph. The incident begins in one system and spreads slowly
during the first interval. Propagation accelerates as shared identities and interfaces are
used. Most operational processes become affected before two hours have elapsed. The
pattern shows the value of rapid containment and architectural separation. Delayed
action increases both restoration effort and passenger disruption.

Table 34: Threats to airline and airport information systems

Threat Operational manifestation Priority response

Credential compromise Unauthorized transactions or access Revoke, investigate and revalidate
Malware Unavailable or altered systems Isolate and restore trusted services
Denial of service Passenger and staff channel outage Activate alternate capacity
Data manipulation Incorrect flight or baggage decisions Cross-check and reconcile records
Supplier compromise Multi-system or multi-airport exposure Restrict connection and coordinate re-

sponse

Intrusion detection should use communication context and operational state, be-
cause volume-based alarms alone may miss plausible false messages [158, 160].

Drone-related threats add unauthorized devices and compromised command
links to the airport perimeter [163, 171].

Airline identity and access management is a component of operational safety
and continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.
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The evidence required for control includes account privilege, login context, de-
vice state and high-risk transaction history. Each record needs an authoritative source,
time stamp, validation rule, retention period and accountable owner. Correlation across
independent sources is important because a technically valid message may still conflict
with the physical state of an aircraft, passenger process or airport facility [160, 163].

The principal operational decision concerns whether access should continue,
require additional verification or be revoked. Decision thresholds should distinguish
warning, confirmed incident and emergency conditions. Each threshold must activate a
named role, a communication route and a time limit. Automated blocking is appropriate
only when its safety consequence has been assessed; otherwise the system should isolate
the suspect component while preserving a controlled fallback.

The principal threat is stolen credentials and misuse of legitimate administra-
tive authority. Assessment should consider attacker capability, exposure time, prop-
agation through connected systems and the duration of operational consequences. A
low-frequency event can remain a priority when it affects surveillance, flight commu-
nication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine least privilege, multifactor verification, session mon-
itoring and rapid revocation. No single mechanism is sufficient against every failure
or attack. Technical protection must therefore be supported by procedures, trained per-
sonnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

Departure-control continuity is a component of operational safety and conti-
nuity, not merely an information-technology task. Its protection begins with a clear
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boundary that identifies assets, interfaces, users, suppliers and physical processes af-
fected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes passenger, flight, document, seat
and boarding status. Each record needs an authoritative source, time stamp, validation
rule, retention period and accountable owner. Correlation across independent sources is
important because a technically valid message may still conflict with the physical state
of an aircraft, passenger process or airport facility [152, 160].

The principal operational decision concerns transition from primary processing
to a controlled alternate procedure. Decision thresholds should distinguish warning,
confirmed incident and emergency conditions. Each threshold must activate a named
role, a communication route and a time limit. Automated blocking is appropriate only
when its safety consequence has been assessed; otherwise the system should isolate the
suspect component while preserving a controlled fallback.

The principal threat is malware or denial of service during concentrated depar-
ture demand. Assessment should consider attacker capability, exposure time, propa-
gation through connected systems and the duration of operational consequences. A
low-frequency event can remain a priority when it affects surveillance, flight commu-
nication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine segmented replicas, offline instructions, reconciled
queues and restoration testing. No single mechanism is sufficient against every fail-
ure or attack. Technical protection must therefore be supported by procedures, trained
personnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
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control.

Airport operational-database protection is a component of operational safety
and continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes stand, gate, belt, resource and mile-
stone records. Each record needs an authoritative source, time stamp, validation rule,
retention period and accountable owner. Correlation across independent sources is im-
portant because a technically valid message may still conflict with the physical state of
an aircraft, passenger process or airport facility [153, 158].

The principal operational decision concerns which operational state is trusted
when sources disagree. Decision thresholds should distinguish warning, confirmed in-
cident and emergency conditions. Each threshold must activate a named role, a com-
munication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is manipulation that produces conflicting resource assign-
ments. Assessment should consider attacker capability, exposure time, propagation
through connected systems and the duration of operational consequences. A low-
frequency event can remain a priority when it affects surveillance, flight communi-
cation, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine source authentication, plausibility checks, audit trails
and human confirmation. No single mechanism is sufficient against every failure or
attack. Technical protection must therefore be supported by procedures, trained per-
sonnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
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ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

Airport protection from unauthorized aircraft is a component of operational
safety and continuity, not merely an information-technology task. Its protection begins
with a clear boundary that identifies assets, interfaces, users, suppliers and physical
processes affected by a loss of confidentiality, integrity or availability. The boundary
must include normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes radar, radio-frequency, optical,
acoustic and authorization records. Each record needs an authoritative source, time
stamp, validation rule, retention period and accountable owner. Correlation across in-
dependent sources is important because a technically valid message may still conflict
with the physical state of an aircraft, passenger process or airport facility [164, 171].

The principal operational decision concerns classification and proportionate re-
sponse to a detected object. Decision thresholds should distinguish warning, confirmed
incident and emergency conditions. Each threshold must activate a named role, a com-
munication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is unauthorized drones, deceptive signatures and unsafe
countermeasures. Assessment should consider attacker capability, exposure time, prop-
agation through connected systems and the duration of operational consequences. A
low-frequency event can remain a priority when it affects surveillance, flight commu-
nication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine multi-sensor fusion, authorization checks, escalation
and safety coordination. No single mechanism is sufficient against every failure or
attack. Technical protection must therefore be supported by procedures, trained per-
sonnel, supplier obligations, exercises and independent verification.

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.
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Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Secure management of autonomous vehicles is a component of operational
safety and continuity, not merely an information-technology task. Its protection begins
with a clear boundary that identifies assets, interfaces, users, suppliers and physical
processes affected by a loss of confidentiality, integrity or availability. The boundary
must include normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes route, command, software, sensor
and supervision records. Each record needs an authoritative source, time stamp, val-
idation rule, retention period and accountable owner. Correlation across independent
sources is important because a technically valid message may still conflict with the
physical state of an aircraft, passenger process or airport facility [166, 169].

The principal operational decision concerns continuation, restriction or safe ter-
mination of an autonomous task. Decision thresholds should distinguish warning, con-
firmed incident and emergency conditions. Each thresholdmust activate a named role, a
communication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is command injection, navigation deception and compro-
mised onboard software. Assessment should consider attacker capability, exposure
time, propagation through connected systems and the duration of operational conse-
quences. A low-frequency event can remain a priority when it affects surveillance,
flight communication, passenger identity, baggage reconciliation or access to a critical
area.

Controls should combine authenticated command, geofencing, diverse sensing
and supervised fallback. No single mechanism is sufficient against every failure or
attack. Technical protection must therefore be supported by procedures, trained per-
sonnel, supplier obligations, exercises and independent verification.

Performance review should separate attempted attacks, detected events, oper-
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Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

248



7.3. Protection of passengers’ personal data and transportation
information

Passenger servicing uses identity, contact, payment, itinerary, baggage and assistance
data. Protection should follow the data through collection, exchange, use, retention
and deletion. A service provider should receive only the fields and access duration
necessary for its assigned task.

The data-minimization ratio is given by formula (241):

DMR =
Nnecessary

field

N collected
field

. (241)

A value close to one indicates limited excess collection. Necessity should be reviewed
whenever a process or regulation changes.

The privileged-access rate is given by formula (242):

PAR =
Npriv

user

Nactive
user

× 100%. (242)

The rate should be low but sufficient for reliable administration. Dormant and emer-
gency accounts require separate monitoring.

The traceability coverage is given by formula (243):

AC =
N logged

event

N required
event

× 100%. (243)

Logging is useful only if records are protected, time-synchronized and reviewed. Ex-
cessive collection of log content can create another privacy risk.

The residual privacy risk is given by formula (244):

Rp =
n∑

i=1

piIi(1− ei), (244)

where ei is the effectiveness of applicable control. Estimates should be revised after
incidents, audits and process changes.
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Figure 54: Illustrative relationship between excess data retention and privacy exposure

Description of the graph. Privacy exposure increases with every unnecessary
retained field. Growth becomes steeper when datasets can be linked across services.
Longer retention also gives attackers more time to obtain historical records. Data min-
imization reduces both breach consequence and governance burden. Essential opera-
tional records should nevertheless remain available for their justified retention period.

Table 35: Controls across the passenger-data life cycle

Stage Main risk Control

Collection Excess or inaccurate data Necessity and validation rules
Exchange Disclosure or alteration Authenticated encrypted transfer
Use Unauthorized purpose or user Role and purpose restriction
Retention Unbounded historical exposure Scheduled review and deletion
Incident Delayed containment and notice Traceable response procedure

Privacy controls must also cover wireless and remotely operated services that
may collect location, image or telemetry information [154, 162].

Distributed data processing can reduce central exposure, but model updates and
participants still require protection [170, 173].

Passenger identity-data governance is a component of operational safety and
continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes collection purpose, consent status,

250



identity evidence, access history and retention date. Each record needs an authoritative
source, time stamp, validation rule, retention period and accountable owner. Correlation
across independent sources is important because a technically valid message may still
conflict with the physical state of an aircraft, passenger process or airport facility [154,
172].

The principal operational decision concerns whether a field may be collected,
shared, corrected or deleted. Decision thresholds should distinguish warning, con-
firmed incident and emergency conditions. Each thresholdmust activate a named role, a
communication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is function creep, excessive retention and unauthorized
identity correlation. Assessment should consider attacker capability, exposure time,
propagation through connected systems and the duration of operational consequences.
A low-frequency event can remain a priority when it affects surveillance, flight com-
munication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine data minimization, role restriction, encryption, au-
dit and scheduled deletion. No single mechanism is sufficient against every failure or
attack. Technical protection must therefore be supported by procedures, trained person-
nel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

Secure itinerary and departure records is a component of operational safety and
continuity, not merely an information-technology task. Its protection begins with a
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clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes reservation changes, passenger sta-
tus, document checks and channel events. Each record needs an authoritative source,
time stamp, validation rule, retention period and accountable owner. Correlation across
independent sources is important because a technically valid message may still conflict
with the physical state of an aircraft, passenger process or airport facility [152, 160].

The principal operational decision concerns acceptance of a transaction when
several systems report different states. Decision thresholds should distinguish warning,
confirmed incident and emergency conditions. Each threshold must activate a named
role, a communication route and a time limit. Automated blocking is appropriate only
when its safety consequence has been assessed; otherwise the system should isolate the
suspect component while preserving a controlled fallback.

The principal threat is account takeover, fraudulent changes and synchroniza-
tion failure. Assessment should consider attacker capability, exposure time, propa-
gation through connected systems and the duration of operational consequences. A
low-frequency event can remain a priority when it affects surveillance, flight commu-
nication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine strong authentication, transaction confirmation, ver-
sion control and reconciliation. No single mechanism is sufficient against every failure
or attack. Technical protection must therefore be supported by procedures, trained per-
sonnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
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control.

Baggage-information protection is a component of operational safety and con-
tinuity, not merely an information-technology task. Its protection begins with a clear
boundary that identifies assets, interfaces, users, suppliers and physical processes af-
fected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes tag identity, passenger association,
screening status, routing events and custody. Each record needs an authoritative source,
time stamp, validation rule, retention period and accountable owner. Correlation across
independent sources is important because a technically valid message may still conflict
with the physical state of an aircraft, passenger process or airport facility [165, 170].

The principal operational decision concerns release or rerouting of an item af-
ter verified reconciliation. Decision thresholds should distinguish warning, confirmed
incident and emergency conditions. Each threshold must activate a named role, a com-
munication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is tag substitution, false routing events and unauthorized
record access. Assessment should consider attacker capability, exposure time, prop-
agation through connected systems and the duration of operational consequences. A
low-frequency event can remain a priority when it affects surveillance, flight commu-
nication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine authenticated events, physical checks, least privilege
and immutable audit evidence. No single mechanism is sufficient against every fail-
ure or attack. Technical protection must therefore be supported by procedures, trained
personnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
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ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

Privacy-preserving collaborative analytics is a component of operational safety
and continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes local model updates, participant
identity, aggregation state and model performance. Each record needs an authoritative
source, time stamp, validation rule, retention period and accountable owner. Correla-
tion across independent sources is important because a technically valid message may
still conflict with the physical state of an aircraft, passenger process or airport facil-
ity [173, 175].

The principal operational decision concerns whether shared learning may con-
tinue after a suspicious contribution. Decision thresholds should distinguish warning,
confirmed incident and emergency conditions. Each threshold must activate a named
role, a communication route and a time limit. Automated blocking is appropriate only
when its safety consequence has been assessed; otherwise the system should isolate the
suspect component while preserving a controlled fallback.

The principal threat is reconstruction, poisoned updates and disclosure through
model parameters. Assessment should consider attacker capability, exposure time,
propagation through connected systems and the duration of operational consequences.
A low-frequency event can remain a priority when it affects surveillance, flight com-
munication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine secure aggregation, participant validation, update
screening and privacy testing. No single mechanism is sufficient against every fail-
ure or attack. Technical protection must therefore be supported by procedures, trained
personnel, supplier obligations, exercises and independent verification.

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
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Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

control.

Passenger-data incident handling is a component of operational safety and con-
tinuity, not merely an information-technology task. Its protection begins with a clear
boundary that identifies assets, interfaces, users, suppliers and physical processes af-
fected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes affected records, access path, time
window, recipients and containment status. Each record needs an authoritative source,
time stamp, validation rule, retention period and accountable owner. Correlation across
independent sources is important because a technically valid message may still conflict
with the physical state of an aircraft, passenger process or airport facility [163, 172].

The principal operational decision concerns scope of isolation, correction and
communication to affected parties. Decision thresholds should distinguish warning,
confirmed incident and emergency conditions. Each threshold must activate a named
role, a communication route and a time limit. Automated blocking is appropriate only
when its safety consequence has been assessed; otherwise the system should isolate the
suspect component while preserving a controlled fallback.

The principal threat is incomplete breach scoping and continued use of cor-
rupted records. Assessment should consider attacker capability, exposure time, prop-
agation through connected systems and the duration of operational consequences. A
low-frequency event can remain a priority when it affects surveillance, flight commu-
nication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine forensic logging, data mapping, coordinated notifica-
tion and verified remediation. No single mechanism is sufficient against every failure
or attack. Technical protection must therefore be supported by procedures, trained per-
sonnel, supplier obligations, exercises and independent verification.

Performance review should separate attempted attacks, detected events, oper-
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Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.
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7.4. Ensuring cyber resilience and incident response

Cyber resilience combines preparation, resistance, controlled degradation, recovery and
learning. An incident-response plan must connect technical containment with opera-
tional authority. The team should know which services may be isolated, which must
remain available and which fallback procedures require approval from safety or opera-
tions personnel.

The mean time to detect is given by formula (245):

MTTD =
1

N

N∑
i=1

(tdetecti − tstarti ). (245)

The starting time may be uncertain and should be updated after investigation. Median
and upper-percentile values supplement the mean.

The mean time to contain is given by formula (246):

MTTC =
1

N

N∑
i=1

(tcontaini − tdetecti ). (246)

Containment must be defined through operational effect, not merely through closure of
an alert. Partial isolation should be recorded separately.

The recovery-point compliance is given by formula (247):

RPC =
Nwithin RPO

recovery

N total
recovery

× 100%. (247)

The recovery-point objective sets the tolerated data loss. Compliance requires usable
and reconciled records.

The resilience index is given by formula (248):

RI =
1

T

∫ T

0

Q(t)

Q0
dt. (248)

The index captures the depth and duration of degradation. Critical minimum service
should additionally be expressed as a hard limit.
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Figure 55: Illustrative service degradation and recovery during a cyber incident

Description of the graph. Service availability falls sharply after the incident.
Containment initially prevents further decline but does not restore normal capacity. Al-
ternate procedures then support gradual improvement. Trusted restoration returns the
service to its baseline. The area below full performance represents the operational con-
sequence that resilience measures seek to reduce.

Table 36: Incident-response phases in aviation operations

Phase Key question Output

Triage Is the alert credible and operationally
relevant?

Severity and owner

Containment What can be isolated safely? Controlled affected boundary
Continuity Which minimum services must con-

tinue?
Fallback operating mode

Recovery Is the restored state trustworthy? Reconciled service release
Review Why did controls succeed or fail? Corrective-action plan

Crowdsourced and diverse observations can improve detection of navigation
deception, while communication-network monitoring can reveal coordinated anoma-
lies [160, 161].

Machine-learning detection requires representative data and controlled false-
alarm behaviour [176].

Aviation security monitoring is a component of operational safety and conti-
nuity, not merely an information-technology task. Its protection begins with a clear
boundary that identifies assets, interfaces, users, suppliers and physical processes af-
fected by a loss of confidentiality, integrity or availability. The boundary must include
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normal operation, degraded modes, maintenance access and recovery.
The evidence required for control includes network alerts, identity events, op-

erational milestones and physical observations. Each record needs an authoritative
source, time stamp, validation rule, retention period and accountable owner. Correla-
tion across independent sources is important because a technically valid message may
still conflict with the physical state of an aircraft, passenger process or airport facil-
ity [160, 176].

The principal operational decision concerns whether an anomaly is benign, sus-
picious or an operational incident. Decision thresholds should distinguish warning,
confirmed incident and emergency conditions. Each threshold must activate a named
role, a communication route and a time limit. Automated blocking is appropriate only
when its safety consequence has been assessed; otherwise the system should isolate the
suspect component while preserving a controlled fallback.

The principal threat is late detection and alert fragmentation across organiza-
tional teams. Assessment should consider attacker capability, exposure time, propa-
gation through connected systems and the duration of operational consequences. A
low-frequency event can remain a priority when it affects surveillance, flight commu-
nication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine central correlation, operational context, escalation cri-
teria and round-the-clock ownership. No single mechanism is sufficient against ev-
ery failure or attack. Technical protection must therefore be supported by procedures,
trained personnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.
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Navigation-spoofing response is a component of operational safety and conti-
nuity, not merely an information-technology task. Its protection begins with a clear
boundary that identifies assets, interfaces, users, suppliers and physical processes af-
fected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes receiver disagreement, reported posi-
tion, observed movement and nearby sensor reports. Each record needs an authoritative
source, time stamp, validation rule, retention period and accountable owner. Correla-
tion across independent sources is important because a technically valid message may
still conflict with the physical state of an aircraft, passenger process or airport facil-
ity [161, 167].

The principal operational decision concerns restriction of navigation use and
transition to an alternate source. Decision thresholds should distinguish warning, con-
firmed incident and emergency conditions. Each thresholdmust activate a named role, a
communication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is plausible false positioning that passes a single-receiver
check. Assessment should consider attacker capability, exposure time, propagation
through connected systems and the duration of operational consequences. A low-
frequency event can remain a priority when it affects surveillance, flight communi-
cation, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine receiver diversity, crowd correlation, geographic tests
and pilot procedures. No single mechanism is sufficient against every failure or attack.
Technical protection must therefore be supported by procedures, trained personnel, sup-
plier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
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ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

Airport counter-drone incident response is a component of operational safety
and continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes object track, authorization, payload
indicators, flight path and protected-zone status. Each record needs an authoritative
source, time stamp, validation rule, retention period and accountable owner. Correlation
across independent sources is important because a technically valid message may still
conflict with the physical state of an aircraft, passenger process or airport facility [164,
171].

The principal operational decision concerns selection of observation, restriction,
interception or emergency action. Decision thresholds should distinguish warning, con-
firmed incident and emergency conditions. Each thresholdmust activate a named role, a
communication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is misclassification and a countermeasure that increases
physical risk. Assessment should consider attacker capability, exposure time, prop-
agation through connected systems and the duration of operational consequences. A
low-frequency event can remain a priority when it affects surveillance, flight commu-
nication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine multi-sensor confirmation, proportional authority,
airspace coordination and post-event evidence. No single mechanism is sufficient
against every failure or attack. Technical protection must therefore be supported by
procedures, trained personnel, supplier obligations, exercises and independent verifica-
tion.

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
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Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

count from concealing slow detection, weak recovery or excessive dependence on one
control.

Trusted restoration of operational systems is a component of operational safety
and continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes backup integrity, configuration base-
line, dependency state and reconciled transactions. Each record needs an authoritative
source, time stamp, validation rule, retention period and accountable owner. Correla-
tion across independent sources is important because a technically valid message may
still conflict with the physical state of an aircraft, passenger process or airport facil-
ity [166, 174].

The principal operational decision concerns release of each service from recov-
ery into normal operation. Decision thresholds should distinguish warning, confirmed
incident and emergency conditions. Each threshold must activate a named role, a com-
munication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is restoring malware, stale data or incompatible depen-
dent systems. Assessment should consider attacker capability, exposure time, prop-
agation through connected systems and the duration of operational consequences. A
low-frequency event can remain a priority when it affects surveillance, flight commu-
nication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine offline backups, staged restoration, integrity testing
and business-owner acceptance. No single mechanism is sufficient against every fail-
ure or attack. Technical protection must therefore be supported by procedures, trained
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personnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

Cyber exercises and operational learning is a component of operational safety
and continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes scenario injects, decision times, com-
munication paths and unresolved actions. Each record needs an authoritative source,
time stamp, validation rule, retention period and accountable owner. Correlation across
independent sources is important because a technically valid message may still conflict
with the physical state of an aircraft, passenger process or airport facility [167, 176].

The principal operational decision concerns which control, procedure or com-
petence requires correction. Decision thresholds should distinguish warning, confirmed
incident and emergency conditions. Each threshold must activate a named role, a com-
munication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is exercise success being declared without testing difficult
degraded modes. Assessment should consider attacker capability, exposure time, prop-
agation through connected systems and the duration of operational consequences. A
low-frequency event can remain a priority when it affects surveillance, flight commu-
nication, passenger identity, baggage reconciliation or access to a critical area.
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Controls should combine independent observation, measurable objectives, cor-
rective ownership and retesting. No single mechanism is sufficient against every failure
or attack. Technical protection must therefore be supported by procedures, trained per-
sonnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.
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7.5. International standards and regulatory framework for cyber-
security in aviation

Aviation cybersecurity governance converts broad obligations into asset-specific con-
trols and evidence. International coordination is important because aircraft, passengers,
data and suppliers cross jurisdictions. The organization should maintain a requirements
register linking each obligation to an owner, process, technical control, record and re-
view date.

The compliance coverage is given by formula (249):

CC =
N verified

requirement

Napplicable
requirement

× 100%. (249)

A requirement is verified only when evidence demonstrates effective implementation.
Policy publication alone does not establish coverage.

The control-evidence freshness is given by formula (250):

EF =
1

N

N∑
i=1

e−λai, (250)

where ai is evidence age. The decay rate should reflect change frequency and control
criticality.

The supplier-assurance rate is given by formula (251):

SAR =

∑
iwivi∑
iwi

× 100%, (251)

where vi indicates verified assurance for supplier i. Higher weights are assigned to
providers with privileged or operational access.

The unresolved-exception exposure is given by formula (252):

UE =
n∑

i=1

sidi, (252)

where severity si is multiplied by the age di of an approved exception. Long-standing
exceptions require renewed justification or remediation.

265



0 10 20 30 40 50 60 70 80 90 100
0

20

40

60

80

100

Verified control coverage, %

R
es
id
ua
lg
ov
er
na
nc
e
ris
k

Figure 56: Illustrative relationship between verified control coverage and residual governance risk

Description of the graph. Residual governance risk declines as more applicable
controls are verified. The reduction is strongest when major coverage gaps are closed.
Risk does not reach zero because implementation can fail between assessments. Contin-
uous monitoring is therefore needed alongside periodic audit. Exceptions and supplier
dependencies explain part of the remaining exposure.

Table 37: Structure of an aviation cybersecurity requirements register

Register field Purpose Evidence example

Requirement Define the applicable obligation Approved interpretation
Asset and process Establish operational scope Current dependency map
Owner Assign decision authority Named accountable role
Control Describe implementation Configuration or procedure
Verification Demonstrate effectiveness Test, audit or exercise result

Requirements for communication and surveillance should be technology-aware
because authentication, interference and interoperability have different controls [155,
159].

Remotely piloted and autonomous systems also require coordinated security,
safety and privacy treatment [169, 175].

Aviation cybersecurity governance is a component of operational safety and
continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.
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The evidence required for control includes applicable obligations, assets, own-
ers, controls and verification results. Each record needs an authoritative source, time
stamp, validation rule, retention period and accountable owner. Correlation across in-
dependent sources is important because a technically valid message may still conflict
with the physical state of an aircraft, passenger process or airport facility [155, 159].

The principal operational decision concerns acceptance, remediation or escala-
tion of a compliance gap. Decision thresholds should distinguish warning, confirmed
incident and emergency conditions. Each threshold must activate a named role, a com-
munication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is fragmented requirements and evidence that does not
demonstrate effectiveness. Assessment should consider attacker capability, exposure
time, propagation through connected systems and the duration of operational conse-
quences. A low-frequency event can remain a priority when it affects surveillance,
flight communication, passenger identity, baggage reconciliation or access to a critical
area.

Controls should combine a unified register, independent tests, management re-
view and traceable exceptions. No single mechanism is sufficient against every failure
or attack. Technical protection must therefore be supported by procedures, trained per-
sonnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

Cross-organizational incident coordination is a component of operational safety
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and continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes contact points, reporting thresholds,
affected services and shared indicators. Each record needs an authoritative source, time
stamp, validation rule, retention period and accountable owner. Correlation across in-
dependent sources is important because a technically valid message may still conflict
with the physical state of an aircraft, passenger process or airport facility [160, 168].

The principal operational decision concerns what information must be ex-
changed and under which authority. Decision thresholds should distinguish warning,
confirmed incident and emergency conditions. Each threshold must activate a named
role, a communication route and a time limit. Automated blocking is appropriate only
when its safety consequence has been assessed; otherwise the system should isolate the
suspect component while preserving a controlled fallback.

The principal threat is delayed reporting and inconsistent classification between
partners. Assessment should consider attacker capability, exposure time, propagation
through connected systems and the duration of operational consequences. A low-
frequency event can remain a priority when it affects surveillance, flight communi-
cation, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine predefined channels, common severity criteria, exer-
cises and protected evidence exchange. No single mechanism is sufficient against ev-
ery failure or attack. Technical protection must therefore be supported by procedures,
trained personnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
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count from concealing slow detection, weak recovery or excessive dependence on one
control.

Supplier and cloud assurance is a component of operational safety and conti-
nuity, not merely an information-technology task. Its protection begins with a clear
boundary that identifies assets, interfaces, users, suppliers and physical processes af-
fected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes service dependencies, privileged
access, subcontractors, recovery commitments and test evidence. Each record needs
an authoritative source, time stamp, validation rule, retention period and accountable
owner. Correlation across independent sources is important because a technically valid
message may still conflict with the physical state of an aircraft, passenger process or
airport facility [152, 165].

The principal operational decision concerns continuation, restriction or replace-
ment of a supplier connection. Decision thresholds should distinguish warning, con-
firmed incident and emergency conditions. Each threshold must activate a named role,
a communication route and a time limit. Automated blocking is appropriate only when
its safety consequence has been assessed; otherwise the system should isolate the sus-
pect component while preserving a controlled fallback.

The principal threat is hidden fourth-party exposure and weak contractual re-
covery obligations. Assessment should consider attacker capability, exposure time,
propagation through connected systems and the duration of operational consequences.
A low-frequency event can remain a priority when it affects surveillance, flight com-
munication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine security clauses, access boundaries, audit rights and
joint continuity testing. No single mechanism is sufficient against every failure or at-
tack. Technical protection must therefore be supported by procedures, trained person-
nel, supplier obligations, exercises and independent verification.

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

Governance of unmanned-aircraft services is a component of operational safety
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Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

and continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes vehicle authorization, operator iden-
tity, airspace limits and command-link assurance. Each record needs an authoritative
source, time stamp, validation rule, retention period and accountable owner. Correla-
tion across independent sources is important because a technically valid message may
still conflict with the physical state of an aircraft, passenger process or airport facil-
ity [162, 169].

The principal operational decision concerns approval of an operation and con-
ditions for suspension. Decision thresholds should distinguish warning, confirmed in-
cident and emergency conditions. Each threshold must activate a named role, a com-
munication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is unclear accountability across manufacturer, operator and
communication provider. Assessment should consider attacker capability, exposure
time, propagation through connected systems and the duration of operational conse-
quences. A low-frequency event can remain a priority when it affects surveillance,
flight communication, passenger identity, baggage reconciliation or access to a critical
area.

Controls should combine certified configurations, authenticated control, oper-
ational limits and incident reporting. No single mechanism is sufficient against ev-
ery failure or attack. Technical protection must therefore be supported by procedures,
trained personnel, supplier obligations, exercises and independent verification.

Performance review should separate attempted attacks, detected events, oper-
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Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

Continuous compliance monitoring is a component of operational safety and
continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes control telemetry, change records,
exceptions, vulnerabilities and audit findings. Each record needs an authoritative
source, time stamp, validation rule, retention period and accountable owner. Correla-
tion across independent sources is important because a technically valid message may
still conflict with the physical state of an aircraft, passenger process or airport facil-
ity [165, 175].

The principal operational decision concerns when a control must be retested or a
risk acceptance withdrawn. Decision thresholds should distinguish warning, confirmed
incident and emergency conditions. Each threshold must activate a named role, a com-
munication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is formal compliance persisting after the operational en-
vironment changes. Assessment should consider attacker capability, exposure time,
propagation through connected systems and the duration of operational consequences.
A low-frequency event can remain a priority when it affects surveillance, flight com-
munication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine automated evidence, risk-based review, expiry dates
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and independent assurance. No single mechanism is sufficient against every failure or
attack. Technical protection must therefore be supported by procedures, trained person-
nel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.
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7.6. Cyber risk management and personnel training

Cyber risk management connects threats and vulnerabilities to operational conse-
quences. The process should include assets, dependencies, existing controls, uncer-
tainty and the time needed for detection and recovery. Personnel training is a control
only when employees can perform the required action under realistic conditions.

The residual risk score is given by formula (253):

RRi = PiIi(1− Ei). (253)

Control effectiveness Ei should be supported by evidence. Scores should not replace
explicit treatment of intolerable safety consequences.

The risk-treatment efficiency is given by formula (254):

RTEj =
RRbefore,j −RRafter,j

Cj
. (254)

Mandatory controls are implemented regardless of the ratio. The measure helps com-
pare additional discretionary treatments.

The training-completion quality is given by formula (255):

TQ =
N scenario

pass

Nassigned
× Sretention

100
. (255)

Attendance alone is insufficient. Scenario performance and retained competence are
required.

The human-response reliability is given by formula (256):

HR = 1− N critical
error

N tested
decision

. (256)

Tests should include time pressure, incomplete information and degraded communica-
tion. Results guide procedure and interface redesign as well as training.
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Figure 57: Illustrative improvement in response quality through repeated exercises

Description of the graph. Correct response improves rapidly during the first
training cycles. Later improvement is smaller as basic procedures become familiar.
Repeated exercises remain necessary to preserve competence and test new threats. A
plateau may indicate that the procedure or interface, rather than knowledge, limits per-
formance. Training results should therefore trigger system redesign when errors persist.

Table 38: Cybersecurity competence by aviation role

Role Required competence Verification

All personnel Credential, phishing and reporting
practice

Short practical scenario

Operational staff Safe fallback and data validation Process exercise
Technical staff Detection, isolation and restoration Laboratory and live drill
Managers Risk acceptance and crisis authority Tabletop decision exercise
Suppliers Contracted controls and coordination Joint assurance test

Risk assessment for remotely operated systems must address both cyber com-
promise and the physical consequence of a lost or manipulated vehicle [172, 174].

Detection technology should be evaluated through realistic data, false alarms
and operator workload [171, 176].

Operational cyber-risk assessment is a component of operational safety and con-
tinuity, not merely an information-technology task. Its protection begins with a clear
boundary that identifies assets, interfaces, users, suppliers and physical processes af-
fected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.
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The evidence required for control includes assets, threat paths, vulnerabilities,
controls and passenger or flight consequences. Each record needs an authoritative
source, time stamp, validation rule, retention period and accountable owner. Correla-
tion across independent sources is important because a technically valid message may
still conflict with the physical state of an aircraft, passenger process or airport facil-
ity [163, 174].

The principal operational decision concerns acceptance, reduction, transfer or
avoidance of a defined risk. Decision thresholds should distinguish warning, confirmed
incident and emergency conditions. Each threshold must activate a named role, a com-
munication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is numerical scoring that conceals an intolerable operational
consequence. Assessment should consider attacker capability, exposure time, propa-
gation through connected systems and the duration of operational consequences. A
low-frequency event can remain a priority when it affects surveillance, flight commu-
nication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine scenario analysis, explicit safety limits, accountable
acceptance and scheduled review. No single mechanism is sufficient against every fail-
ure or attack. Technical protection must therefore be supported by procedures, trained
personnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

Role-based cybersecurity training is a component of operational safety and con-
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tinuity, not merely an information-technology task. Its protection begins with a clear
boundary that identifies assets, interfaces, users, suppliers and physical processes af-
fected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes job tasks, system privileges, fall-
back duties and previous exercise results. Each record needs an authoritative source,
time stamp, validation rule, retention period and accountable owner. Correlation across
independent sources is important because a technically valid message may still conflict
with the physical state of an aircraft, passenger process or airport facility [166, 167].

The principal operational decision concerns which competence must be trained
and how it will be tested. Decision thresholds should distinguish warning, confirmed
incident and emergency conditions. Each threshold must activate a named role, a com-
munication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is generic awareness material that does not prepare staff for
operational decisions. Assessment should consider attacker capability, exposure time,
propagation through connected systems and the duration of operational consequences.
A low-frequency event can remain a priority when it affects surveillance, flight com-
munication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine role-specific scenarios, observation, feedback and re-
current qualification. No single mechanism is sufficient against every failure or attack.
Technical protection must therefore be supported by procedures, trained personnel, sup-
plier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
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count from concealing slow detection, weak recovery or excessive dependence on one
control.

Security-operations team readiness is a component of operational safety and
continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes alert volume, investigation quality,
tool availability and escalation performance. Each record needs an authoritative source,
time stamp, validation rule, retention period and accountable owner. Correlation across
independent sources is important because a technically valid message may still conflict
with the physical state of an aircraft, passenger process or airport facility [160, 176].

The principal operational decision concerns staffing, specialization and shift
coverage for expected incident demand. Decision thresholds should distinguish warn-
ing, confirmed incident and emergency conditions. Each threshold must activate a
named role, a communication route and a time limit. Automated blocking is appropri-
ate only when its safety consequence has been assessed; otherwise the system should
isolate the suspect component while preserving a controlled fallback.

The principal threat is analyst overload, fragmented tools and delayed oper-
ational consultation. Assessment should consider attacker capability, exposure time,
propagation through connected systems and the duration of operational consequences.
A low-frequency event can remain a priority when it affects surveillance, flight com-
munication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine triage rules, automation, cross-training and joint exer-
cises with operations. No single mechanism is sufficient against every failure or attack.
Technical protection must therefore be supported by procedures, trained personnel, sup-
plier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training
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Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

Counter-drone team competence is a component of operational safety and con-
tinuity, not merely an information-technology task. Its protection begins with a clear
boundary that identifies assets, interfaces, users, suppliers and physical processes af-
fected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes sensor limitations, authorization
rules, protected zones and response options. Each record needs an authoritative source,
time stamp, validation rule, retention period and accountable owner. Correlation across
independent sources is important because a technically valid message may still conflict
with the physical state of an aircraft, passenger process or airport facility [164, 171].

The principal operational decision concerns classification and safe escalation
of an observed unmanned aircraft. Decision thresholds should distinguish warning,
confirmed incident and emergency conditions. Each threshold must activate a named
role, a communication route and a time limit. Automated blocking is appropriate only
when its safety consequence has been assessed; otherwise the system should isolate the
suspect component while preserving a controlled fallback.

The principal threat is false identification and unauthorized or unsafe inter-
vention. Assessment should consider attacker capability, exposure time, propagation
through connected systems and the duration of operational consequences. A low-
frequency event can remain a priority when it affects surveillance, flight communi-
cation, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine multi-sensor training, legal authority, simulation and
coordinated field exercises. No single mechanism is sufficient against every failure or
attack. Technical protection must therefore be supported by procedures, trained person-
nel, supplier obligations, exercises and independent verification.

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
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Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

control.

Learning from incidents and exercises is a component of operational safety and
continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes timeline, decisions, evidence gaps,
recovery performance and repeated weaknesses. Each record needs an authoritative
source, time stamp, validation rule, retention period and accountable owner. Correlation
across independent sources is important because a technically valid message may still
conflict with the physical state of an aircraft, passenger process or airport facility [167,
172].

The principal operational decision concerns assignment and verification of cor-
rective actions. Decision thresholds should distinguish warning, confirmed incident
and emergency conditions. Each threshold must activate a named role, a communica-
tion route and a time limit. Automated blocking is appropriate only when its safety
consequence has been assessed; otherwise the system should isolate the suspect com-
ponent while preserving a controlled fallback.

The principal threat is blame-oriented review and closure without retesting. As-
sessment should consider attacker capability, exposure time, propagation through con-
nected systems and the duration of operational consequences. A low-frequency event
can remain a priority when it affects surveillance, flight communication, passenger
identity, baggage reconciliation or access to a critical area.

Controls should combine protected reporting, causal analysis, accountable
deadlines and independent validation. No single mechanism is sufficient against ev-
ery failure or attack. Technical protection must therefore be supported by procedures,
trained personnel, supplier obligations, exercises and independent verification.
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Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

280



7.7. Creating a secure digital ecosystem for air transport

A secure aviation digital ecosystem provides trusted exchange among airlines, airports,
ground handlers, public authorities, navigation services, suppliers and passengers. It
requires common identifiers, controlled interfaces, shared incident procedures and gov-
ernance that follows data across organizational boundaries.

The ecosystem trust index is given by formula (257):

ETI = αA+ βI + γC + δR, (257)

where availability, integrity, confidentiality and recoverability are normalized. Weights
reflect the operational function and should not remove mandatory minimums.

The verified-exchange rate is given by formula (258):

V ER =
Nauth+valid

message

N critical
message

× 100%. (258)

Verification includes origin and semantic plausibility. A signed but operationally im-
possible message must still be challenged.

The ecosystem concentration risk is given by formula (259):

CR = max
k

Ndependent
process,k

N critical
process

. (259)

The measure identifies the provider or platform with the largest critical dependency.
Continuity options should reduce unacceptable concentration.

The secure-maturity score is given by formula (260):

SM =

 m∏
j=1

m
wj

j

 ,
∑
j

wj = 1. (260)

The geometric form penalizes a weak dimension. Data, technology, people, governance
and recovery should advance together.
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Figure 58: Illustrative increase in operational trust with ecosystem maturity

Description of the graph. Operational trust rises as ecosystem controls ma-
ture. Early levels establish inventories and basic protection. Integrated monitoring and
coordinated response produce larger gains. The highest level requires continuous veri-
fication and learning across partners. Trust remains evidence-based and does not mean
that all participants or messages are accepted automatically.

Table 39: Maturity stages of a secure aviation digital ecosystem

Stage Dominant capability Management priority

Defined Assets and responsibilities known Complete the common baseline
Protected Interfaces and identities controlled Remove high-risk exposure
Monitored Events correlated across domains Improve detection quality
Resilient Partners exercise continuity together Verify safe recovery
Adaptive Evidence continuously updates controls Govern change and learning

Distributed ledgers and federated methods may support controlled exchange,
but their identity, consensus and update mechanisms remain part of the threat
model [170, 173].

Autonomous aviation requires protection throughout sensing, communication,
decision and recovery [169, 175].

Trusted aviation data exchange is a component of operational safety and con-
tinuity, not merely an information-technology task. Its protection begins with a clear
boundary that identifies assets, interfaces, users, suppliers and physical processes af-
fected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.
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The evidence required for control includes message identity, provenance, time,
validation result and receiving-process state. Each record needs an authoritative source,
time stamp, validation rule, retention period and accountable owner. Correlation across
independent sources is important because a technically valid message may still conflict
with the physical state of an aircraft, passenger process or airport facility [156, 159].

The principal operational decision concerns acceptance, quarantine or rejection
of shared operational information. Decision thresholds should distinguish warning,
confirmed incident and emergency conditions. Each threshold must activate a named
role, a communication route and a time limit. Automated blocking is appropriate only
when its safety consequence has been assessed; otherwise the system should isolate the
suspect component while preserving a controlled fallback.

The principal threat is valid-looking false data and incompatible interpretations
between partners. Assessment should consider attacker capability, exposure time, prop-
agation through connected systems and the duration of operational consequences. A
low-frequency event can remain a priority when it affects surveillance, flight commu-
nication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine authenticated exchange, common semantics, plausi-
bility checks and end-to-end audit. No single mechanism is sufficient against every fail-
ure or attack. Technical protection must therefore be supported by procedures, trained
personnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

Secure aviation digital twins is a component of operational safety and conti-
nuity, not merely an information-technology task. Its protection begins with a clear
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boundary that identifies assets, interfaces, users, suppliers and physical processes af-
fected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes physical observations, model state,
synchronization quality and decision history. Each record needs an authoritative source,
time stamp, validation rule, retention period and accountable owner. Correlation across
independent sources is important because a technically valid message may still conflict
with the physical state of an aircraft, passenger process or airport facility [152, 153].

The principal operational decision concerns whether the representation is trust-
worthy enough for a proposed operational use. Decision thresholds should distinguish
warning, confirmed incident and emergency conditions. Each threshold must activate a
named role, a communication route and a time limit. Automated blocking is appropri-
ate only when its safety consequence has been assessed; otherwise the system should
isolate the suspect component while preserving a controlled fallback.

The principal threat is model poisoning, stale state and unauthorized influence
on the physical process. Assessment should consider attacker capability, exposure time,
propagation through connected systems and the duration of operational consequences.
A low-frequency event can remain a priority when it affects surveillance, flight com-
munication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine source validation, state confidence, access separation
and controlled feedback. No single mechanism is sufficient against every failure or
attack. Technical protection must therefore be supported by procedures, trained per-
sonnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
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control.

Distributed trust for drone data is a component of operational safety and con-
tinuity, not merely an information-technology task. Its protection begins with a clear
boundary that identifies assets, interfaces, users, suppliers and physical processes af-
fected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes vehicle identity, command autho-
rization, delivery evidence and participating-node status. Each record needs an au-
thoritative source, time stamp, validation rule, retention period and accountable owner.
Correlation across independent sources is important because a technically valid mes-
sage may still conflict with the physical state of an aircraft, passenger process or airport
facility [170, 172].

The principal operational decision concerns acceptance of data or a transaction
without one unrestricted central intermediary. Decision thresholds should distinguish
warning, confirmed incident and emergency conditions. Each threshold must activate a
named role, a communication route and a time limit. Automated blocking is appropriate
only when its safety consequence has been assessed; otherwise the system should isolate
the suspect component while preserving a controlled fallback.

The principal threat is compromised participants, consensus delay and irre-
versible false records. Assessment should consider attacker capability, exposure time,
propagation through connected systems and the duration of operational consequences.
A low-frequency event can remain a priority when it affects surveillance, flight com-
munication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine permissioned membership, revocation, independent
sensing and bounded ledger use. No single mechanism is sufficient against every fail-
ure or attack. Technical protection must therefore be supported by procedures, trained
personnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training
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Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

Privacy-preserving collaborative defence is a component of operational safety
and continuity, not merely an information-technology task. Its protection begins with a
clear boundary that identifies assets, interfaces, users, suppliers and physical processes
affected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes local detections, model updates,
participant reputation and aggregate performance. Each record needs an authoritative
source, time stamp, validation rule, retention period and accountable owner. Correla-
tion across independent sources is important because a technically valid message may
still conflict with the physical state of an aircraft, passenger process or airport facil-
ity [173, 176].

The principal operational decision concerns sharing of defensive knowledge
without unnecessary raw-data disclosure. Decision thresholds should distinguish warn-
ing, confirmed incident and emergency conditions. Each threshold must activate a
named role, a communication route and a time limit. Automated blocking is appropri-
ate only when its safety consequence has been assessed; otherwise the system should
isolate the suspect component while preserving a controlled fallback.

The principal threat is poisoned updates, inference leakage and unequal par-
ticipant quality. Assessment should consider attacker capability, exposure time, prop-
agation through connected systems and the duration of operational consequences. A
low-frequency event can remain a priority when it affects surveillance, flight commu-
nication, passenger identity, baggage reconciliation or access to a critical area.

Controls should combine secure aggregation, robust learning, validation and
privacy measurement. No single mechanism is sufficient against every failure or at-
tack. Technical protection must therefore be supported by procedures, trained person-
nel, supplier obligations, exercises and independent verification.

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
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Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

count from concealing slow detection, weak recovery or excessive dependence on one
control.

Long-term ecosystem governance is a component of operational safety and con-
tinuity, not merely an information-technology task. Its protection begins with a clear
boundary that identifies assets, interfaces, users, suppliers and physical processes af-
fected by a loss of confidentiality, integrity or availability. The boundary must include
normal operation, degraded modes, maintenance access and recovery.

The evidence required for control includes maturity, dependency concentration,
incident trends, supplier changes and recovery evidence. Each record needs an au-
thoritative source, time stamp, validation rule, retention period and accountable owner.
Correlation across independent sources is important because a technically valid mes-
sage may still conflict with the physical state of an aircraft, passenger process or airport
facility [169, 175].

The principal operational decision concerns revision of shared architecture, in-
vestment and assurance priorities. Decision thresholds should distinguish warning, con-
firmed incident and emergency conditions. Each thresholdmust activate a named role, a
communication route and a time limit. Automated blocking is appropriate only when its
safety consequence has been assessed; otherwise the system should isolate the suspect
component while preserving a controlled fallback.

The principal threat is rapid connectivity growth without corresponding respon-
sibility and fallback capacity. Assessment should consider attacker capability, exposure
time, propagation through connected systems and the duration of operational conse-
quences. A low-frequency event can remain a priority when it affects surveillance,
flight communication, passenger identity, baggage reconciliation or access to a critical
area.

Controls should combine joint governance, interoperable controls, recurrent ex-
ercises and transparent evidence. No single mechanism is sufficient against every fail-
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ure or attack. Technical protection must therefore be supported by procedures, trained
personnel, supplier obligations, exercises and independent verification.

Control stage Evidence Required response

Preparation Asset, dependency and threat records Assign ownership and protection base-
line

Detection Alerts, anomalies and physical cross-
checks

Validate and classify the event

Containment Affected accounts, links and processes Isolate while maintaining safe service
Recovery Restoration tests and data reconciliation Resume from a trusted state
Learning Timeline, causes and control perfor-

mance
Correct design, procedure and training

Performance review should separate attempted attacks, detected events, oper-
ationally significant incidents and false alarms. Results should also be segmented by
traffic intensity and degraded conditions. This approach prevents a low annual incident
count from concealing slow detection, weak recovery or excessive dependence on one
control.

288



REFERENCES

1. Bezerra, G. C. L., & Gomes, C. F. (2016). Measuring airport service quality: A
multidimensional approach. Journal of Air Transport Management, 53, 85–93.
https://doi.org/10.1016/j.jairtraman.2016.02.001

2. Peeters, P., Higham, J., Kutzner, D., Cohen, S., & Gössling, S. (2016). Are tech-
nology myths stalling aviation climate policy? Transportation Research Part D:
Transport and Environment, 44, 30–42. https://doi.org/10.1016/j.trd.2016.02.004

3. Dobruszkes, F., Givoni, M., & Vowles, T. (2017). Hello major airports, good-
bye regional airports? Recent changes in European and US low-cost airline air-
port choice. Journal of Air Transport Management, 59, 50–62. https://doi.org/10.
1016/j.jairtraman.2016.11.005

4. Scheelhaase, J., Maertens, S., Grimme, W., & Jung, M. (2018). EU ETS versus
CORSIA—A critical assessment of two approaches to limit air transport’s CO2

emissions by market-based measures. Journal of Air Transport Management, 67,
55–62. https://doi.org/10.1016/j.jairtraman.2017.11.007

5. Staples, M. D., Malina, R., Suresh, P., Hileman, J. I., & Barrett, S. R. H. (2018).
Aviation CO2 emissions reductions from the use of alternative jet fuels. Energy
Policy, 114, 342–354. https://doi.org/10.1016/j.enpol.2017.12.007

6. Larsson, J., Elofsson, A., Sterner, T., & Åkerman, J. (2019). International and
national climate policies for aviation: A review. Climate Policy, 19(6), 787–799.
https://doi.org/10.1080/14693062.2018.1562871

7. Schäfer, A. W., Barrett, S. R. H., Doyme, K., Dray, L. M., Gnadt, A. R., Self, R.,
O’Sullivan, A., Synodinos, A. P., & Torija, A. J. (2019). Technological, economic
and environmental prospects of all-electric aircraft. Nature Energy, 4, 160–166.
https://doi.org/10.1038/s41560-018-0294-x

8. Wandelt, S., Sun, X., Menasalvas, E., & Zanin, M. (2019). On the use of net-
works in air transport modeling and research. European Journal of Operational
Research, 275(1), 1–15. https://doi.org/10.1016/j.ejor.2018.09.012

289

https://doi.org/10.1016/j.jairtraman.2016.02.001
https://doi.org/10.1016/j.trd.2016.02.004
https://doi.org/10.1016/j.jairtraman.2016.11.005
https://doi.org/10.1016/j.jairtraman.2016.11.005
https://doi.org/10.1016/j.jairtraman.2017.11.007
https://doi.org/10.1016/j.enpol.2017.12.007
https://doi.org/10.1080/14693062.2018.1562871
https://doi.org/10.1038/s41560-018-0294-x
https://doi.org/10.1016/j.ejor.2018.09.012


9. Casals, L., Devlin, K., & Wills, G. B. (2019). Cyber security for aviation: A
systematic literature review. Journal of Air Transport Management, 79, 101673.
https://doi.org/10.1016/j.jairtraman.2019.101673

10. Maertens, S., Grimme, W., Scheelhaase, J., & Jung, M. (2019). Options to con-
tinue the EU ETS for aviation in a CORSIA-world. Sustainability, 11(20), 5703.
https://doi.org/10.3390/su11205703

11. Albers, S., & Rundshagen, V. (2020). European airlines’ strategic responses to
the COVID-19 pandemic (January–May 2020). Journal of Air Transport Man-
agement, 87, 101863. https://doi.org/10.1016/j.jairtraman.2020.101863

12. Suau-Sanchez, P., Voltes-Dorta, A., & Cugueró-Escofet, N. (2020). An early as-
sessment of the impact of COVID-19 on air transport: Just another crisis or the
end of aviation as we know it? Journal of Transport Geography, 86, 102749.
https://doi.org/10.1016/j.jtrangeo.2020.102749

13. Sun, X., Wandelt, S., & Zhang, A. (2020). How did COVID-19 impact air trans-
portation? A first peek through the lens of complex networks. Journal of Air
Transport Management, 89, 101928. https://doi.org/10.1016/j.jairtraman.2020.
101928

14. Gössling, S. (2020). Risks, resilience, and pathways to sustainable aviation:
A COVID-19 perspective. Journal of Air Transport Management, 89, 101933.
https://doi.org/10.1016/j.jairtraman.2020.101933

15. Gössling, S., & Humpe, A. (2020). The global scale, distribution and growth of
aviation: Implications for climate change. Global Environmental Change, 65,
102194. https://doi.org/10.1016/j.gloenvcha.2020.102194

16. Abate, M., Christidis, P., & Purwanto, A. J. (2020). Government support to air-
lines in the aftermath of the COVID-19 pandemic. Journal of Air Transport Man-
agement, 89, 101931. https://doi.org/10.1016/j.jairtraman.2020.101931

17. Serrano, F., & Kazda, A. (2020). The future of airports post COVID-19. Journal
of Air Transport Management, 89, 101900. https://doi.org/10.1016/j.jairtraman.
2020.101900

18. Iacus, S. M., Natale, F., Santamaria, C., Spyratos, S., & Vespe, M. (2020). Es-
timating and projecting air passenger traffic during the COVID-19 coronavirus

290

https://doi.org/10.1016/j.jairtraman.2019.101673
https://doi.org/10.3390/su11205703
https://doi.org/10.1016/j.jairtraman.2020.101863
https://doi.org/10.1016/j.jtrangeo.2020.102749
https://doi.org/10.1016/j.jairtraman.2020.101928
https://doi.org/10.1016/j.jairtraman.2020.101928
https://doi.org/10.1016/j.jairtraman.2020.101933
https://doi.org/10.1016/j.gloenvcha.2020.102194
https://doi.org/10.1016/j.jairtraman.2020.101931
https://doi.org/10.1016/j.jairtraman.2020.101900
https://doi.org/10.1016/j.jairtraman.2020.101900


outbreak and its socio-economic impact. Safety Science, 129, 104791. https:
//doi.org/10.1016/j.ssci.2020.104791

19. Monmousseau, P., Marzuoli, A., Feron, E., & Delahaye, D. (2020). Impact
of COVID-19 on passengers and airlines from passenger measurements: Man-
aging customer satisfaction while putting the US air transportation system to
sleep. Transportation Research Interdisciplinary Perspectives, 7, 100179. https:
//doi.org/10.1016/j.trip.2020.100179

20. Lamb, T. L., Winter, S. R., Rice, S., Ruskin, K. J., & Vaughn, A. (2020). Fac-
tors that predict passengers’ willingness to fly during and after the COVID-19
pandemic. Journal of Air Transport Management, 89, 101897. https://doi.org/10.
1016/j.jairtraman.2020.101897

21. Gudmundsson, S. V., Cattaneo, M., & Redondi, R. (2021). Forecasting temporal
world recovery in air transport markets in the presence of large economic shocks:
The case of COVID-19. Journal of Air TransportManagement, 91, 102007. https:
//doi.org/10.1016/j.jairtraman.2020.102007

22. Lee, D. S., Fahey, D. W., Skowron, A., Allen, M. R., Burkhardt, U., Chen, Q.,
Doherty, S. J., Freeman, S., Forster, P. M., Fuglestvedt, J., Gettelman, A., De
León, R. R., Lim, L. L., Lund, M. T., Millar, R. J., Owen, B., Penner, J. E., Pitari,
G., Prather, M. J., Sausen, R., & Wilcox, L. J. (2021). The contribution of global
aviation to anthropogenic climate forcing for 2000 to 2018. Atmospheric Envi-
ronment, 244, 117834. https://doi.org/10.1016/j.atmosenv.2020.117834

23. Sun, X.,Wandelt, S., Zheng, C., &Zhang, A. (2021). COVID-19 pandemic and air
transportation: Successfully navigating the paper hurricane. Journal of Air Trans-
port Management, 94, 102062. https://doi.org/10.1016/j.jairtraman.2021.102062

24. Dube, K., Nhamo, G., &Chikodzi, D. (2021). COVID-19 pandemic and prospects
for recovery of the global aviation industry. Journal of Air Transport Manage-
ment, 92, 102022. https://doi.org/10.1016/j.jairtraman.2021.102022

25. Abrantes, I., Ferreira, A. F., Silva, A., & Costa, M. (2021). Sustainable aviation
fuels and imminent technologies—CO2 emissions evolution towards 2050. Jour-
nal of Cleaner Production, 313, 127937. https://doi.org/10.1016/j.jclepro.2021.
127937

291

https://doi.org/10.1016/j.ssci.2020.104791
https://doi.org/10.1016/j.ssci.2020.104791
https://doi.org/10.1016/j.trip.2020.100179
https://doi.org/10.1016/j.trip.2020.100179
https://doi.org/10.1016/j.jairtraman.2020.101897
https://doi.org/10.1016/j.jairtraman.2020.101897
https://doi.org/10.1016/j.jairtraman.2020.102007
https://doi.org/10.1016/j.jairtraman.2020.102007
https://doi.org/10.1016/j.atmosenv.2020.117834
https://doi.org/10.1016/j.jairtraman.2021.102062
https://doi.org/10.1016/j.jairtraman.2021.102022
https://doi.org/10.1016/j.jclepro.2021.127937
https://doi.org/10.1016/j.jclepro.2021.127937


26. Grewe, V., Gangoli Rao, A., Grönstedt, T., Xisto, C., Linke, F., Melkert, J., Mid-
del, J., Ohlenforst, B., Blakey, S., Christie, S., Matthes, S., & Dahlmann, K.
(2021). Evaluating the climate impact of aviation emission scenarios towards the
Paris agreement including COVID-19 effects. Nature Communications, 12, 3841.
https://doi.org/10.1038/s41467-021-24091-y

27. Dray, L., Schäfer, A. W., Grobler, C., Falter, C., Allroggen, F., Stettler, M. E. J., &
Barrett, S. R. H. (2022). Cost and emissions pathways towards net-zero climate
impacts in aviation. Nature Climate Change, 12, 956–962. https://doi.org/10.
1038/s41558-022-01485-4

28. International Civil Aviation Organization. (1944). Convention on International
Civil Aviation (Doc 7300). Chicago: ICAO. https://www.icao.int/publications/
Documents/7300_9ed.pdf

29. International Civil Aviation Organization. (1999). Convention for the Unification
of Certain Rules for International Carriage by Air. Montreal: ICAO. https://www.
icao.int/secretariat/legal/List%20of%20Parties/Mtl99_EN.pdf

30. Verkhovna Rada of Ukraine. (2011). Air Code of Ukraine: Law of Ukraine
No. 3393-VI. https://zakon.rada.gov.ua/laws/show/3393-17#Text

31. European Parliament and Council. (2004). Regulation (EC) No. 261/2004 estab-
lishing common rules on compensation and assistance to passengers in the event
of denied boarding and of cancellation or long delay of flights. Official Journal
of the European Union, L 46, 1–8. https://eur-lex.europa.eu/eli/reg/2004/261/oj

32. Jiang, H., & Zhang, Y. (2016). An investigation of service quality, customer sat-
isfaction and loyalty in China’s airline market. Journal of Air Transport Manage-
ment, 57, 80–88. https://doi.org/10.1016/j.jairtraman.2016.07.008

33. Morosan, C. (2016). An empirical examination of U.S. travelers’ intentions to use
biometric e-gates in airports. Journal of Air Transport Management, 55, 120–128.

34. Wanke, P., Barros, C. P., & Nwaogbe, O. R. (2016). Assessing productive effi-
ciency in Nigerian airports using Fuzzy-DEA. Transport Policy, 49, 9–19.

35. Fragoudaki, A., Giokas, D., & Glyptou, K. (2016). Efficiency and productiv-
ity changes in Greek airports during the crisis years 2010–2014. Journal of Air
Transport Management, 57, 306–315.

292

https://doi.org/10.1038/s41467-021-24091-y
https://doi.org/10.1038/s41558-022-01485-4
https://doi.org/10.1038/s41558-022-01485-4
https://www.icao.int/publications/Documents/7300_9ed.pdf
https://www.icao.int/publications/Documents/7300_9ed.pdf
https://www.icao.int/secretariat/legal/List%20of%20Parties/Mtl99_EN.pdf
https://www.icao.int/secretariat/legal/List%20of%20Parties/Mtl99_EN.pdf
https://zakon.rada.gov.ua/laws/show/3393-17#Text
https://eur-lex.europa.eu/eli/reg/2004/261/oj
https://doi.org/10.1016/j.jairtraman.2016.07.008


36. Wattanacharoensil, W., Schuckert, M., Graham, A., & Dean, A. (2017). An air-
port experience framework from a tourism perspective. Transport Reviews, 37(3),
318–340. https://doi.org/10.1080/01441647.2016.1274947

37. Bogicevic, V., Bujisic, M., Bilgihan, A., Yang, W., & Cobanoglu, C. (2017). The
impact of traveler-focused airport technology on traveler satisfaction. Techno-
logical Forecasting and Social Change, 123, 351–361. https://doi.org/10.1016/j.
techfore.2017.03.038

38. Schmidt, M. (2017). A review of aircraft turnaround operations and simulations.
Progress in Aerospace Sciences, 92, 25–38.

39. Kierzkowski, A., & Kisiel, T. (2017). Simulation model of security control sys-
tem functioning: A case study of the Wrocław Airport terminal. Journal of Air
Transport Management, 64, 173–185.

40. Farooq, M. S., Salam, M., Fayolle, A., Jaafar, N., & Ayupp, K. (2018). Im-
pact of service quality on customer satisfaction in Malaysia Airlines: A PLS-
SEM approach. Journal of Air Transport Management, 67, 169–180. https:
//doi.org/10.1016/j.jairtraman.2017.12.008

41. Schultz, M. (2018). A metric for the real-time evaluation of the aircraft boarding
progress. Transportation Research Part C: Emerging Technologies, 86, 467–487.

42. Jacquillat, A., & Odoni, A. R. (2018). A roadmap toward airport demand and
capacity management. Transportation Research Part A: Policy and Practice, 114,
168–185.

43. Young, S. B., & Wells, A. T. (2019). Airport Planning and Management. 7th ed.
New York: McGraw-Hill Education.

44. Prentice, C., & Kadan, M. (2019). The role of airport service quality in airport
and destination choice. Journal of Retailing and Consumer Services, 47, 40–48.

45. Postorino, M. N., Mantecchini, L., & Paganelli, F. (2019). Improving taxi-out
operations at city airports to reduce CO2 emissions. Transport Policy, 80, 167–
176.

46. Bezerra, G. C. L., & Gomes, C. F. (2020). Antecedents and consequences of
passenger satisfaction with the airport. Journal of Air Transport Management,
83, 101766. https://doi.org/10.1016/j.jairtraman.2019.101766

293

https://doi.org/10.1080/01441647.2016.1274947
https://doi.org/10.1016/j.techfore.2017.03.038
https://doi.org/10.1016/j.techfore.2017.03.038
https://doi.org/10.1016/j.jairtraman.2017.12.008
https://doi.org/10.1016/j.jairtraman.2017.12.008
https://doi.org/10.1016/j.jairtraman.2019.101766


47. Hong, S.-J., Choi, D., & Chae, J. (2020). Exploring different airport users’ service
quality satisfaction between service providers and air travelers. Journal of Re-
tailing and Consumer Services, 52, 101917. https://doi.org/10.1016/j.jretconser.
2019.101917

48. Forsyth, P., Guiomard, C., & Niemeier, H.-M. (2020). COVID-19, the collapse
in passenger demand and airport charges. Journal of Air Transport Management,
89, 101932. https://doi.org/10.1016/j.jairtraman.2020.101932

49. Adrienne, N., Budd, L., & Ison, S. (2020). Grounded aircraft: An airfield op-
erations perspective of the challenges of resuming flights post COVID. Journal
of Air Transport Management, 89, 101921. https://doi.org/10.1016/j.jairtraman.
2020.101921

50. Schultz, M., Evler, J., Asadi, E., Preis, H., Fricke, H., &Wu, C.-L. (2020). Future
aircraft turnaround operations considering post-pandemic requirements. Journal
of Air Transport Management, 89, 101886. https://doi.org/10.1016/j.jairtraman.
2020.101886

51. Tuchen, S., Arora, M., & Blessing, L. (2020). Airport user experience unpacked:
Conceptualizing its potential in the face of COVID-19. Journal of Air Transport
Management, 89, 101919.

52. Dabachine, Y., Taheri, H., Biniz, M., Bouikhalene, B., & Balouki, A. (2020).
Strategic design of precautionary measures for airport passengers in times of
global health crisis COVID-19: Parametric modelling and processing algorithms.
Journal of Air Transport Management, 89, 101917.

53. Halpern, N., Mwesiumo, D., Suau-Sanchez, P., Budd, T., & Bråthen, S. (2021).
Ready for digital transformation? The effect of organisational readiness, innova-
tion, airport size and ownership on digital change at airports. Journal of Air Trans-
port Management, 90, 101949. https://doi.org/10.1016/j.jairtraman.2020.101949

54. Miskolczi, M., Jászberényi, M., & Tóth, D. (2021). Technology-enhanced airport
services—attractiveness from the travelers’ perspective. Sustainability, 13(2),
705. https://doi.org/10.3390/su13020705

55. Tabares, D. A. (2021). An airport operations proposal for a pandemic-free air
travel. Journal of Air Transport Management, 90, 101943.

294

https://doi.org/10.1016/j.jretconser.2019.101917
https://doi.org/10.1016/j.jretconser.2019.101917
https://doi.org/10.1016/j.jairtraman.2020.101932
https://doi.org/10.1016/j.jairtraman.2020.101921
https://doi.org/10.1016/j.jairtraman.2020.101921
https://doi.org/10.1016/j.jairtraman.2020.101886
https://doi.org/10.1016/j.jairtraman.2020.101886
https://doi.org/10.1016/j.jairtraman.2020.101949
https://doi.org/10.3390/su13020705


56. Chaouk, M., Pagliari, R., & Moxon, R. (2020). The impact of national macro-
environment exogenous variables on airport efficiency. Journal of Air Transport
Management, 82, 101740.

57. Hakim, M. M., & Merkert, R. (2016). The causal relationship between air trans-
port and economic growth: Empirical evidence from South Asia. Journal of
Transport Geography, 56, 120–127. https://doi.org/10.1016/j.jtrangeo.2016.09.
006

58. Suau-Sanchez, P., Voltes-Dorta, A., & Rodríguez-Déniz, H. (2016). Measuring
the potential for self-connectivity in global air transport markets. Journal of Trans-
port Geography, 57, 294–302.

59. Dolya, C. V. (2017). Gravity model formalization for parameter calculation of
intercity passenger transport correspondence. Science & Technique, 16(5), 437–
443. https://doi.org/10.21122/2227-1031-2017-16-5-437-443

60. Tveter, E. (2017). The effect of airports on regional development: Evidence from
the construction of regional airports in Norway. Research in Transportation Eco-
nomics, 63, 50–58.

61. Lurkin, V., Garrow, L. A., Higgins, M. J., Newman, J. P., & Schyns, M. (2017).
Accounting for price endogeneity in airline itinerary choice models: An appli-
cation to Continental U.S. markets. Transportation Research Part A: Policy and
Practice, 100, 228–246.

62. Dai, L., Derudder, B., & Liu, X. (2018). The evolving structure of the Southeast
Asian air transport network through the lens of complex networks, 1979–2012.
Journal of Transport Geography, 68, 67–77.

63. Li, Y., Yu, R., Shahabi, C., & Liu, Y. (2018). Diffusion convolutional recurrent
neural network: Data-driven traffic forecasting. Proceedings of the International
Conference on Learning Representations.

64. Yu, B., Yin, H., & Zhu, Z. (2018). Spatio-temporal graph convolutional net-
works: A deep learning framework for traffic forecasting. Proceedings of the
27th International Joint Conference on Artificial Intelligence, 3634–3640. https:
//doi.org/10.24963/ijcai.2018/505

295

https://doi.org/10.1016/j.jtrangeo.2016.09.006
https://doi.org/10.1016/j.jtrangeo.2016.09.006
https://doi.org/10.21122/2227-1031-2017-16-5-437-443
https://doi.org/10.24963/ijcai.2018/505
https://doi.org/10.24963/ijcai.2018/505


65. Zhang, A., Wan, Y., & Yang, H. (2019). Impacts of high-speed rail on airlines,
airports and regional economies: A survey of recent research. Transport Policy,
81, A1–A19.

66. Tang, L., Zhao, Y., Cabrera, J., Ma, J., & Tsui, K. L. (2019). Forecasting short-
term passenger flow: An empirical study on Shenzhen Metro. IEEE Transac-
tions on Intelligent Transportation Systems, 20(10), 3613–3622. https://doi.org/
10.1109/TITS.2018.2879497

67. Wu, Z., Pan, S., Long, G., Jiang, J., & Zhang, C. (2019). Graph WaveNet for
deep spatial-temporal graphmodeling. Proceedings of the 28th International Joint
Conference on Artificial Intelligence, 1907–1913. https://doi.org/10.24963/ijcai.
2019/264

68. Zhang, F., & Graham, D. J. (2020). Air transport and economic growth: A review
of the impactmechanism and causal relationships. Transport Reviews, 40(4), 506–
528.

69. Olive, X., Strohmeier, M., & Lübbe, J. (2020). Crowdsourced air traffic data from
the OpenSky Network 2019–2020. Earth System Science Data, 12, 2217–2227.
https://doi.org/10.5194/essd-12-2217-2020

70. Sun, J., Hoekstra, J. M., & Ellerbroek, J. (2020). OpenAP: An open-source air-
craft performancemodel for air transportation studies and simulations. Aerospace,
7(8), 104. https://doi.org/10.3390/aerospace7080104

71. Zheng, C., Fan, X., Wang, C., & Qi, J. (2020). GMAN: A graph multi-attention
network for traffic prediction. Proceedings of the AAAI Conference on Artificial
Intelligence, 34(1), 1234–1241. https://doi.org/10.1609/aaai.v34i01.5477

72. Bai, L., Yao, L., Li, C., Wang, X., & Wang, C. (2020). Adaptive graph convolu-
tional recurrent network for traffic forecasting. Advances in Neural Information
Processing Systems, 33, 17804–17815.

73. Bombelli, A., Santos, B. F., & Tavasszy, L. (2020). Analysis of the air cargo
transport network using a complex network theory perspective. Transportation
Research Part E: Logistics and Transportation Review, 138, 101959. https://doi.
org/10.1016/j.tre.2020.101959

296

https://doi.org/10.1109/TITS.2018.2879497
https://doi.org/10.1109/TITS.2018.2879497
https://doi.org/10.24963/ijcai.2019/264
https://doi.org/10.24963/ijcai.2019/264
https://doi.org/10.5194/essd-12-2217-2020
https://doi.org/10.3390/aerospace7080104
https://doi.org/10.1609/aaai.v34i01.5477
https://doi.org/10.1016/j.tre.2020.101959
https://doi.org/10.1016/j.tre.2020.101959


74. Czerny, A. I., Fu, X., Lei, Z., & Oum, T. H. (2021). Post pandemic aviation
market recovery: Experience and lessons from China. Journal of Air Transport
Management, 90, 101971. https://doi.org/10.1016/j.jairtraman.2020.101971

75. Sun, X., Wandelt, S., & Zhang, A. (2021). On the degree of synchronization be-
tween air transport connectivity and COVID-19 cases at worldwide level. Trans-
port Policy, 105, 115–123.

76. Li, S., Zhou, Y., Kundu, T., & Sheu, J.-B. (2021). Spatiotemporal variation of the
worldwide air transportation network induced by COVID-19 pandemic in 2020.
Transport Policy, 111, 168–184.

77. Jiang, W., & Luo, J. (2022). Graph neural network for traffic forecasting: A sur-
vey. Expert Systems with Applications, 207, 117921. https://doi.org/10.1016/j.
eswa.2022.117921

78. Lan, S., Ma, Y., Huang, W., Wang, W., Yang, H., & Li, P. (2022). DSTAGNN:
Dynamic spatial-temporal aware graph neural network for traffic flow forecasting.
Proceedings of the 39th International Conference on Machine Learning, 11906–
11917.

79. Shao, Z., Zhang, Z., Wei, W., Wang, F., Xu, Y., Cao, X., & Jensen, C. S. (2022).
Pre-training enhanced spatial-temporal graph neural network for multivariate time
series forecasting. Proceedings of the 28th ACM SIGKDD Conference on Knowl-
edge Discovery and Data Mining, 1567–1577. https://doi.org/10.1145/3534678.
3539396

80. Zhai, X., & Shen, Y. (2023). Short-term passenger flow prediction based on graph
diffusion convolutional recurrent neural network. Applied Sciences, 13(8), 4910.
https://doi.org/10.3390/app13084910

81. Du, W., Chen, S., Li, Z., Cao, X., & Lv, Y. (2024). A spatial-temporal approach
for multi-airport traffic flow prediction through causality graphs. IEEE Transac-
tions on Intelligent Transportation Systems, 25, 532–544. https://doi.org/10.1109/
TITS.2023.3308903

82. Rajaguru, R. (2016). Role of value for money and service quality on behavioural
intention: A study of full service and low cost airlines. Journal of Air Transport
Management, 53, 114–122.

297

https://doi.org/10.1016/j.jairtraman.2020.101971
https://doi.org/10.1016/j.eswa.2022.117921
https://doi.org/10.1016/j.eswa.2022.117921
https://doi.org/10.1145/3534678.3539396
https://doi.org/10.1145/3534678.3539396
https://doi.org/10.3390/app13084910
https://doi.org/10.1109/TITS.2023.3308903
https://doi.org/10.1109/TITS.2023.3308903


83. del Río, J. S., Moctezuma, D., Conde, C., de Diego, I. M., & Cabello, E. (2016).
Automated border control e-gates and facial recognition systems. Computers &
Security, 62, 49–72.

84. Milne, R. J., & Salari, M. (2016). Optimization of assigning passengers to seats on
airplanes based on their carry-on luggage. Journal of Air Transport Management,
54, 104–110.

85. Hu, Y., Song, Y., Zhao, K., & Xu, B. (2016). Integrated recovery of aircraft and
passengers after airline operation disruption based on a GRASP algorithm. Trans-
portation Research Part E: Logistics and Transportation Review, 87, 97–112.

86. Maher, S. J. (2016). Solving the integrated airline recovery problem using column
generation. Transportation Science, 50(1), 216–239.

87. Koklic, M. K., Kukar-Kinney, M., & Vegelj, S. (2017). An investigation of cus-
tomer satisfaction with low-cost and full-service airline companies. Journal of
Business Research, 80, 188–196. https://doi.org/10.1016/j.jbusres.2017.05.015

88. Marla, L., Vaaben, B., & Barnhart, C. (2017). Integrated disruption management
and flight planning to trade off delays and fuel burn. Transportation Science,
51(1), 88–111.

89. Zeineddine, H. (2017). A dynamically optimized aircraft boarding strategy. Jour-
nal of Air Transport Management, 58, 144–151.

90. Tsafarakis, S., Kokotas, T., & Pantouvakis, A. (2018). A multiple criteria ap-
proach for airline passenger satisfaction measurement and service quality im-
provement. Journal of Air Transport Management, 68, 61–75.

91. Siering, M., Deokar, A. V., & Janze, C. (2018). Disentangling consumer recom-
mendations in online reviews: A case study of airline reviews. Decision Support
Systems, 107, 52–63.

92. Morosan, C. (2018). Information disclosure to biometric e-gates: The roles of
perceived security, benefits, and emotions. Journal of Travel Research, 57(5),
644–657.

93. Schultz, M. (2018). Implementation and application of a stochastic aircraft board-
ing model. Transportation Research Part C: Emerging Technologies, 90, 334–
349.

298

https://doi.org/10.1016/j.jbusres.2017.05.015


94. Stamolampros, P., & Korfiatis, N. (2018). Exploring the behavioral drivers of
review valence: The direct and indirect effects of multiple service quality dimen-
sions. Tourism Management, 68, 261–272. https://doi.org/10.1016/j.tourman.
2018.04.010

95. Singh, A., Meshram, S., Gujar, T., &Wankhede, P. R. (2016). Baggage tracing and
handling system using RFID and IoT for airports. 2016 International Conference
on Computing Communication Control and Automation, 1–5.

96. Korfiatis, N., Stamolampros, P., Kourouthanassis, P., & Sagiadinos, V. (2019).
Measuring service quality from unstructured data: A topic modeling application
on airline passengers’ online reviews. Expert Systems with Applications, 116,
472–486. https://doi.org/10.1016/j.eswa.2018.09.037

97. Brochado, A., Rita, P., Oliveira, C., & Oliveira, F. (2019). Airline passengers’
perceptions of service quality: Themes in online reviews. International Journal
of Contemporary Hospitality Management, 31(2), 855–873.

98. Chen, L., Li, Y.-Q., & Liu, C.-H. (2019). How airline service quality determines
the quantity of repurchase intention: Mediate and moderate effects of brand qual-
ity and perceived value. Journal of Air Transport Management, 75, 185–197.

99. Negri, N. A. R., Borille, G. M. R., & Falcão, V. A. (2019). Acceptance of bio-
metric technology in airport check-in. Journal of Air Transport Management, 81,
101720.

100. Nyquist, D. C., & McFadden, K. L. (2019). A study of the airline boarding prob-
lem and its relationship to baggage policy. Journal of Air Transport Management,
75, 194–201.

101. Milne, R. J., Delcea, C., Cotfas, L.-A., & Salari, M. (2019). Newmethods for two-
door airplane boarding using apron buses. Journal of Air Transport Management,
80, 101705.

102. Lucini, F. R., Tonetto, L. M., Fogliatto, F. S., & Anzanello, M. J. (2020). Text
mining approach to explore dimensions of airline customer satisfaction using
online customer reviews. Journal of Air Transport Management, 83, 101760.
https://doi.org/10.1016/j.jairtraman.2019.101760

299

https://doi.org/10.1016/j.tourman.2018.04.010
https://doi.org/10.1016/j.tourman.2018.04.010
https://doi.org/10.1016/j.eswa.2018.09.037
https://doi.org/10.1016/j.jairtraman.2019.101760


103. Cotfas, L.-A., Delcea, C., Milne, R. J., & Salari, M. (2020). Evaluating classical
airplane boarding methods considering COVID-19 flying restrictions. Symmetry,
12(7), 1087. https://doi.org/10.3390/sym12071087

104. Lim, J., & Lee, H. C. (2020). Comparisons of service quality perceptions be-
tween full service carriers and low cost carriers in airline travel. Current Issues in
Tourism, 23(10), 1261–1276.

105. Delcea, C., Cotfas, L.-A., Crăciun, L., & Molănescu, A. G. (2020). Are seat and
aisle interferences affecting the overall airplane boarding time? An agent-based
approach. Sustainability, 12(21), 9248.

106. Vink, P., & Brauer, K. (2016). Aircraft Interior Comfort and Design. Boca Raton:
CRC Press.

107. Cook, G. N., & Billig, B. G. (2017). Airline Operations and Management: A
Management Textbook. London: Routledge.

108. Clark, P. (2017). Buying the Big Jets: Fleet Planning for Airlines. 3rd ed. London:
Routledge.

109. Deveci, M., Demirel, N. Ç., & Ahmetoğlu, E. (2017). Airline new route selection
based on interval type-2 fuzzyMCDM: A case study of new route between Turkey
and North American region destinations. Journal of Air Transport Management,
59, 83–99.

110. Yilmaz, N., & Atmanli, A. (2017). Sustainable alternative fuels in aviation. En-
ergy, 140, 1378–1386. https://doi.org/10.1016/j.energy.2017.07.077

111. Hoelzen, J., Liu, Y., Bensmann, B., Winnefeld, C., Elham, A., Friedrichs, J., &
Hanke-Rauschenbach, R. (2018). Conceptual design of operation strategies for
hybrid electric aircraft. Energies, 11(1), 217. https://doi.org/10.3390/en11010217

112. Lei, Y., Li, N., Guo, L., Li, N., Yan, T., & Lin, J. (2018). Machinery health
prognostics: A systematic review from data acquisition to remaining useful life
prediction. Mechanical Systems and Signal Processing, 104, 799–834. https:
//doi.org/10.1016/j.ymssp.2017.11.016

113. Şafak, Ö., Çavuş, Ö., & Aktürk, M. S. (2018). Multi-stage airline scheduling
problem with stochastic passenger demand and non-cruise times. Transportation
Research Part B: Methodological, 114, 39–67.

300

https://doi.org/10.3390/sym12071087
https://doi.org/10.1016/j.energy.2017.07.077
https://doi.org/10.3390/en11010217
https://doi.org/10.1016/j.ymssp.2017.11.016
https://doi.org/10.1016/j.ymssp.2017.11.016


114. Riboldi, C. E. D. (2018). An optimal approach to the preliminary design of small
hybrid-electric aircraft. Aerospace Science and Technology, 81, 14–31.

115. Gnadt, A. R., Speth, R. L., Sabnis, J. S., & Barrett, S. R. H. (2019). Technical
and environmental assessment of all-electric 180-passenger commercial aircraft.
Progress in Aerospace Sciences, 105, 1–30. https://doi.org/10.1016/j.paerosci.
2018.11.002

116. Brelje, B. J., & Martins, J. R. R. A. (2019). Electric, hybrid, and turboelec-
tric fixed-wing aircraft: A review of concepts, models, and design approaches.
Progress in Aerospace Sciences, 104, 1–19. https://doi.org/10.1016/j.paerosci.
2018.06.004

117. Baroutaji, A., Wilberforce, T., Ramadan, M., & Olabi, A. G. (2019). Com-
prehensive investigation on hydrogen and fuel cell technology in the aviation
and aerospace sectors. Renewable and Sustainable Energy Reviews, 106, 31–40.
https://doi.org/10.1016/j.rser.2019.02.022

118. Lukic, M., Giangrande, P., Hebala, A., Nuzzo, S., & Galea, M. (2019). Review,
challenges, and future developments of electric taxiing systems. IEEE Transac-
tions on Transportation Electrification, 5(4), 1441–1457.

119. Carvalho, T. P., Soares, F. A. A. M. N., Vita, R., Francisco, R. P., Basto, J. P.,
& Alcalá, S. G. S. (2019). A systematic literature review of machine learning
methods applied to predictive maintenance. Computers & Industrial Engineering,
137, 106024. https://doi.org/10.1016/j.cie.2019.106024

120. Zhang, W., Yang, D., & Wang, H. (2019). Data-driven methods for predictive
maintenance of industrial equipment: A survey. IEEE Systems Journal, 13(3),
2213–2227.

121. Sahoo, S., Zhao, X., & Kyprianidis, K. (2020). A review of concepts, benefits,
and challenges for future electrical propulsion-based aircraft. Aerospace, 7(4), 44.
https://doi.org/10.3390/aerospace7040044

122. Bauen, A., Bitossi, N., German, L., Harris, A., & Leow, K. (2020). Sustainable
aviation fuels: Status, challenges and prospects of drop-in liquid fuels, hydrogen
and electrification in aviation. Johnson Matthey Technology Review, 64(3), 263–
278.

301

https://doi.org/10.1016/j.paerosci.2018.11.002
https://doi.org/10.1016/j.paerosci.2018.11.002
https://doi.org/10.1016/j.paerosci.2018.06.004
https://doi.org/10.1016/j.paerosci.2018.06.004
https://doi.org/10.1016/j.rser.2019.02.022
https://doi.org/10.1016/j.cie.2019.106024
https://doi.org/10.3390/aerospace7040044


123. Compare, M., Baraldi, P., & Zio, E. (2020). Challenges to IoT-enabled predictive
maintenance for Industry 4.0. IEEE Internet of Things Journal, 7(5), 4585–4597.

124. Zonta, T., da Costa, C. A., da Rosa Righi, R., de Lima, M. J., da Trindade, E.
S., & Li, G. P. (2020). Predictive maintenance in the Industry 4.0: A systematic
literature review. Computers & Industrial Engineering, 150, 106889. https://doi.
org/10.1016/j.cie.2020.106889

125. Tauqir, A., Pashami, S., Nowaczyk, S., &Martin, T. (2022). Machine learning for
aircraft engine performance modelling: A review. Aerospace, 9, 482.

126. Mitici, M., de Pater, I., Barros, A., & Zeng, Z. (2023). Dynamic predictive main-
tenance for multiple components using deep reinforcement learning. Reliability
Engineering & System Safety, 230, 108908. https://doi.org/10.1016/j.ress.2022.
108908

127. Belcastro, L., Marozzo, F., Talia, D., & Trunfio, P. (2016). Using scalable data
mining for predicting flight delays. ACM Transactions on Knowledge Discovery
from Data, 11(1), Article 5.

128. Kim, Y. J., Choi, S., Briceno, S., & Mavris, D. (2016). A deep learning approach
to flight delay prediction. AIAA Aviation 2016 Forum, Paper 2016-3910. https:
//doi.org/10.2514/6.2016-3910

129. Kistan, T., Gardi, A., Sabatini, R., Ramasamy, S., & Batuwangala, E. (2017).
An evolutionary outlook of air traffic flow management techniques. Progress in
Aerospace Sciences, 88, 15–42.

130. Reis, J., Amorim, M., Melão, N., & Matos, P. (2018). Digital transformation:
A literature review and guidelines for future research. Trends and Advances in
Information Systems and Technologies, 411–421.

131. Batty, M. (2018). Digital twins. Environment and Planning B: Urban Analytics
and City Science, 45(5), 817–820. https://doi.org/10.1177/2399808318796416

132. Kritzinger, W., Karner, M., Traar, G., Henjes, J., & Sihn, W. (2018). Digital
twin in manufacturing: A categorical literature review and classification. IFAC-
PapersOnLine, 51(11), 1016–1022.

302

https://doi.org/10.1016/j.cie.2020.106889
https://doi.org/10.1016/j.cie.2020.106889
https://doi.org/10.1016/j.ress.2022.108908
https://doi.org/10.1016/j.ress.2022.108908
https://doi.org/10.2514/6.2016-3910
https://doi.org/10.2514/6.2016-3910
https://doi.org/10.1177/2399808318796416


133. Yu, B., Guo, Z., Asian, S., Wang, H., & Chen, G. (2019). Flight delay prediction
for commercial air transport: A deep learning approach. Transportation Research
Part E: Logistics and Transportation Review, 125, 203–221. https://doi.org/10.
1016/j.tre.2019.03.013

134. Tao, F., Zhang, H., Liu, A., & Nee, A. Y. C. (2019). Digital twin in industry:
State-of-the-art. IEEE Transactions on Industrial Informatics, 15(4), 2405–2415.
https://doi.org/10.1109/TII.2018.2873186

135. Vial, G. (2019). Understanding digital transformation: A review and a research
agenda. The Journal of Strategic Information Systems, 28(2), 118–144. https:
//doi.org/10.1016/j.jsis.2019.01.003

136. Rudin, C. (2019). Stop explaining black box machine learning models for high
stakes decisions and use interpretable models instead. Nature Machine Intelli-
gence, 1, 206–215. https://doi.org/10.1038/s42256-019-0048-x

137. Gui, G., Liu, F., Sun, J., Yang, J., Zhou, Z., & Zhao, D. (2020). Flight delay
prediction based on aviation big data and machine learning. IEEE Transactions
on Vehicular Technology, 69(1), 140–150.

138. Lambelho, M., Mitici, M., Pickup, S., & Marsden, A. (2020). Assessing strate-
gic flight schedules at an airport using machine learning-based flight delay and
cancellation predictions. Journal of Air Transport Management, 82, 101737.

139. Di Vaio, A., & Varriale, L. (2020). Blockchain technology in supply chain man-
agement for sustainable performance: Evidence from the airport industry. Inter-
national Journal of Information Management, 52, 102014.

140. Fuller, A., Fan, Z., Day, C., & Barlow, C. (2020). Digital twin: Enabling
technologies, challenges and open research. IEEE Access, 8, 108952–108971.
https://doi.org/10.1109/ACCESS.2020.2998358

141. Rasheed, A., San, O., & Kvamsdal, T. (2020). Digital twin: Values, challenges
and enablers from a modeling perspective. IEEE Access, 8, 21980–22012. https:
//doi.org/10.1109/ACCESS.2020.2970143

142. Lu, Q., Xie, X., Parlikad, A. K., & Schooling, J. M. (2020). Digital twin-enabled
anomaly detection for built asset monitoring in operation and maintenance. Au-

303

https://doi.org/10.1016/j.tre.2019.03.013
https://doi.org/10.1016/j.tre.2019.03.013
https://doi.org/10.1109/TII.2018.2873186
https://doi.org/10.1016/j.jsis.2019.01.003
https://doi.org/10.1016/j.jsis.2019.01.003
https://doi.org/10.1038/s42256-019-0048-x
https://doi.org/10.1109/ACCESS.2020.2998358
https://doi.org/10.1109/ACCESS.2020.2970143
https://doi.org/10.1109/ACCESS.2020.2970143


tomation in Construction, 118, 103277. https://doi.org/10.1016/j.autcon.2020.
103277

143. Errandonea, I., Beltrán, S., & Arrizabalaga, S. (2020). Digital twin for mainte-
nance: A literature review. Computers in Industry, 123, 103316. https://doi.org/
10.1016/j.compind.2020.103316

144. Greer, F., Rakas, J., & Horvath, A. (2020). Airports and environmental sus-
tainability: A comprehensive review. Environmental Research Letters, 15(10),
103007. https://doi.org/10.1088/1748-9326/abb42a

145. Barredo Arrieta, A. et al. (2020). Explainable Artificial Intelligence (XAI): Con-
cepts, taxonomies, opportunities and challenges toward responsible AI. Informa-
tion Fusion, 58, 82–115. https://doi.org/10.1016/j.inffus.2019.12.012

146. Jones, D., Snider, C., Nassehi, A., Yon, J., & Hicks, B. (2020). Characterising
the digital twin: A systematic literature review. CIRP Journal of Manufacturing
Science and Technology, 29, 36–52. https://doi.org/10.1016/j.cirpj.2020.02.002

147. Verhoef, P. C. et al. (2021). Digital transformation: A multidisciplinary reflection
and research agenda. Journal of Business Research, 122, 889–901. https://doi.
org/10.1016/j.jbusres.2019.09.022

148. Karniadakis, G. E. et al. (2021). Physics-informed machine learning. Nature
Reviews Physics, 3, 422–440. https://doi.org/10.1038/s42254-021-00314-5

149. Shahat, E., Hyun, C. T., & Yeom, C. (2021). City digital twin potentials: A re-
view and research agenda. Sustainability, 13(6), 3386. https://doi.org/10.3390/
su13063386

150. Semeraro, C., Lezoche, M., Panetto, H., & Dassisti, M. (2021). Digital twin
paradigm: A systematic literature review. Computers in Industry, 130, 103469.
https://doi.org/10.1016/j.compind.2021.103469

151. Kraus, S. et al. (2022). Digital transformation in business and management re-
search: An overview of the current status quo. International Journal of Informa-
tion Management, 63, 102466. https://doi.org/10.1016/j.ijinfomgt.2021.102466

152. Li, S., Iqbal, M. U., & Saxena, N. (2022). Enabling future Industry 4.0-based
secure IIoT: A survey on IIoT and the use of the digital twin. Information Systems
Frontiers, 24, 1–26. https://doi.org/10.1007/s10796-021-10199-5

304

https://doi.org/10.1016/j.autcon.2020.103277
https://doi.org/10.1016/j.autcon.2020.103277
https://doi.org/10.1016/j.compind.2020.103316
https://doi.org/10.1016/j.compind.2020.103316
https://doi.org/10.1088/1748-9326/abb42a
https://doi.org/10.1016/j.inffus.2019.12.012
https://doi.org/10.1016/j.cirpj.2020.02.002
https://doi.org/10.1016/j.jbusres.2019.09.022
https://doi.org/10.1016/j.jbusres.2019.09.022
https://doi.org/10.1038/s42254-021-00314-5
https://doi.org/10.3390/su13063386
https://doi.org/10.3390/su13063386
https://doi.org/10.1016/j.compind.2021.103469
https://doi.org/10.1016/j.ijinfomgt.2021.102466
https://doi.org/10.1007/s10796-021-10199-5


153. van der Valk, H., Haße, H., Möller, F., & Otto, B. (2022). Archetypes of digital
twins. Business & Information Systems Engineering, 64, 375–391.

154. Altawy, R., & Youssef, A. M. (2016). Security, privacy, and safety aspects of
civilian drones: A survey. ACM Transactions on Cyber-Physical Systems, 1(2),
1–25. https://doi.org/10.1145/3001836

155. Gurtov, A., Polishchuk, T., & Wernberg, M. (2018). Controller–pilot data
link communication security. Sensors, 18(5), 1636. https://doi.org/10.3390/
s18051636

156. Yang, A., Tan, X., Baek, J., & Wong, D. S. (2019). A new ADS-B authenti-
cation framework based on efficient hierarchical identity-based signature with
batch verification. IEEE Transactions on Services Computing, 12(2), 165–175.
https://doi.org/10.1109/TSC.2016.2540632

157. Leonardi, M., Piracci, E. G., & Galati, G. (2019). ADS-B vulnerability to low cost
jammers: Risk assessment and possible solutions. IEEEAerospace and Electronic
Systems Magazine, 34(11), 24–35. https://doi.org/10.1109/MAES.2019.2927895

158. Sciancalepore, S., Ibrahim, O. A., Oligeri, G., & Di Pietro, R. (2019). Detecting
ADS-B spoofing attacks using deep neural networks. IEEE Conference on Com-
munications and Network Security, 187–195. https://doi.org/10.1109/CNS.2019.
8802831

159. Wesson, K. D., Humphreys, T. E., & Evans, B. L. (2019). Can cryptography
secure next generation air traffic surveillance? IEEE Security & Privacy, 17(3),
50–59. https://doi.org/10.1109/MSEC.2019.2899395

160. Moser, D., Lenders, V., & Martinovic, I. (2019). Intrusion detection for air traffic
communication networks. IEEE Transactions on Dependable and Secure Com-
puting, 16(5), 812–825. https://doi.org/10.1109/TDSC.2017.2723891

161. Jansen, K., Schäfer, M., Moser, D., Lenders, V., Schmitt, J. B., & Martinovic, I.
(2019). Crowd-GPS-Sec: Leveraging crowdsourcing to detect and localize GPS
spoofing attacks. IEEE Symposium on Security and Privacy, 1018–1031. https:
//doi.org/10.1109/SP.2018.00075

162. Fotouhi, A., Qiang, H., Ding, M., Hassan, M., Giordano, L. G., Garcia-Rodriguez,
A., & Yuan, J. (2019). Survey on UAV cellular communications: Practical as-

305

https://doi.org/10.1145/3001836
https://doi.org/10.3390/s18051636
https://doi.org/10.3390/s18051636
https://doi.org/10.1109/TSC.2016.2540632
https://doi.org/10.1109/MAES.2019.2927895
https://doi.org/10.1109/CNS.2019.8802831
https://doi.org/10.1109/CNS.2019.8802831
https://doi.org/10.1109/MSEC.2019.2899395
https://doi.org/10.1109/TDSC.2017.2723891
https://doi.org/10.1109/SP.2018.00075
https://doi.org/10.1109/SP.2018.00075


pects, standardization advancements, regulation, and security challenges. IEEE
Communications Surveys & Tutorials, 21(4), 3417–3442. https://doi.org/10.1109/
COMST.2019.2906228

163. Yaacoub, J.-P. A., Noura, H. N., Salman, O., & Chehab, A. (2020). Security anal-
ysis of drones systems: Attacks, limitations, and recommendations. Internet of
Things, 11, 100218. https://doi.org/10.1016/j.iot.2020.100218

164. Khan, M. A., Menouar, H., Eldeeb, A., Abu-Dayya, A., & Salim, F. D. (2020). On
the detection of unauthorized drones: Techniques and future perspectives. IEEE
Access, 8, 110352–110370. https://doi.org/10.1109/ACCESS.2020.3001141

165. Shafique, A., Mehmood, A., & Elhadef, M. (2021). Survey of security protocols
and vulnerabilities in unmanned aerial vehicles. IEEE Access, 9, 46927–46948.
https://doi.org/10.1109/ACCESS.2021.3066778

166. Kong, P.-Y. (2021). A survey of cyberattack countermeasures for unmanned aerial
vehicles. IEEE Access, 9, 148244–148263. https://doi.org/10.1109/ACCESS.
2021.3124996

167. Alharbi, Y., & Alghazzawi, D. (2021). A survey of cybersecurity attacks, detec-
tion techniques, and mitigation strategies in unmanned aerial vehicles. Journal of
Information Security and Applications, 58, 102784. https://doi.org/10.1016/j.jisa.
2021.102784

168. Pandey, G. K., Gurjar, D., Nguyen, H. H., &Yadav, S. (2022). Security threats and
mitigation techniques in UAV communications: A comprehensive survey. IEEE
Access, 10, 112858–112897. https://doi.org/10.1109/ACCESS.2022.3215975

169. Zhang, J., Li, X., Luo, Y., & Chen, J. (2022). Cybersecurity for autonomous
unmanned aerial vehicles: Threats, vulnerabilities, and countermeasures. IEEE
Internet of Things Journal, 9(24), 24839–24859. https://doi.org/10.1109/JIOT.
2022.3195748

170. Bera, B., Saha, S., Das, A. K., Kumar, N., & Rodrigues, J. J. P. C. (2022).
Blockchain-envisioned secure data delivery and collection scheme for 5G-based
IoT-enabled Internet of Drones environment. IEEE Transactions on Vehicular
Technology, 71(3), 3264–3278. https://doi.org/10.1109/TVT.2022.3140458

306

https://doi.org/10.1109/COMST.2019.2906228
https://doi.org/10.1109/COMST.2019.2906228
https://doi.org/10.1016/j.iot.2020.100218
https://doi.org/10.1109/ACCESS.2020.3001141
https://doi.org/10.1109/ACCESS.2021.3066778
https://doi.org/10.1109/ACCESS.2021.3124996
https://doi.org/10.1109/ACCESS.2021.3124996
https://doi.org/10.1016/j.jisa.2021.102784
https://doi.org/10.1016/j.jisa.2021.102784
https://doi.org/10.1109/ACCESS.2022.3215975
https://doi.org/10.1109/JIOT.2022.3195748
https://doi.org/10.1109/JIOT.2022.3195748
https://doi.org/10.1109/TVT.2022.3140458


171. Lykou, G., Moustakas, D., & Gritzalis, D. (2022). Defending airports from
UAS: A survey on cyber-attacks and counter-drone sensing technologies. Sen-
sors, 22(10), 3537. https://doi.org/10.3390/s22103537

172. Akram, R. N., Markantonakis, K., Mayes, K., Habachi, O., Sauveron, D., Steyven,
A., & Chaumette, S. (2022). Security, privacy and safety evaluation of dynamic
and static fleets of drones. Ad Hoc Networks, 132, 102868. https://doi.org/10.
1016/j.adhoc.2022.102868

173. Wang, H., Wang, J., Ding, G., Chen, J., & Li, Y. (2022). A survey on security and
privacy of federated learning for UAV networks. IEEE Network, 36(6), 64–70.
https://doi.org/10.1109/MNET.001.2100634

174. Hartmann, K., & Steup, C. (2023). The vulnerability of UAVs to cyber attacks:
An approach to the risk assessment. Cybersecurity, 6, 3. https://doi.org/10.1186/
s42400-023-00136-7

175. Sharma, V., Kumar, R., & Kim, J. (2024). A comprehensive survey on UAV com-
munication networks: Security, privacy, and future research directions. Computer
Networks, 241, 110202. https://doi.org/10.1016/j.comnet.2024.110202

176. Alzubaidi, A. A. (2025). Systematic literature review for detecting intrusions in
unmanned aerial vehicles using machine and deep learning. IEEE Access, 13,
58576–58599. https://doi.org/10.1109/ACCESS.2025.3559142

307

https://doi.org/10.3390/s22103537
https://doi.org/10.1016/j.adhoc.2022.102868
https://doi.org/10.1016/j.adhoc.2022.102868
https://doi.org/10.1109/MNET.001.2100634
https://doi.org/10.1186/s42400-023-00136-7
https://doi.org/10.1186/s42400-023-00136-7
https://doi.org/10.1016/j.comnet.2024.110202
https://doi.org/10.1109/ACCESS.2025.3559142

