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1.	Introduction

Security in air transport has for decades remained an is-
sue of fundamental importance to airport operators, in-
ternational organizations, air carriers, and public safety 
institutions alike. The significance of this area increased 
markedly following a series of terrorist attacks at the be-
ginning of the 21st century, which exposed the fragility 
of critical infrastructure when confronted with asymmetric 
threats. Passenger and baggage security screening has be-
come not only an operational component of the passen-
ger handling process but also a key element of a broader 
preventive strategy against acts of unlawful interference.

In response to these challenges, the International Civil 
Aviation Organization [ICAO] (2020) established, in Annex 
17 to the Chicago Convention, a comprehensive set of 
standards and recommended practices pertaining to the 
safeguarding of civil aviation. Member States are obliged 
to implement national civil aviation security programmes 
to ensure an appropriate level of protection in airports, 
air transport operations, and personnel and passenger 
screening procedures. Following ICAO’s guidance, regional 
regulations such as Regulation (EC) No. 300/2008 of the 

European Parliament and of the Council established com-
mon rules for the safeguarding of civil aviation within the 
European Union (EUR-Lex, 2008).

With the proliferation of air travel and the intensifica-
tion of passenger traffic, however, security screening has 
come to generate serious organizational, operational, and 
technological challenges. The academic literature increas-
ingly highlights the paradoxical relationship between the 
effectiveness of security measures and the throughput of 
passenger processing (Gkritza et  al., 2006). On the one 
hand, airports are obligated to ensure a very high level of 
security, which entails complex screening structures rang-
ing from manual search procedures and CT scanners to 
biometric technologies and automated threat detection 
systems. On the other hand, each additional procedure 
naturally extends the handling time per passenger, which 
given a large number of operations – results in cumulative 
delays and overloading of infrastructure throughput.

The psychological aspect of queue waiting time is also 
of considerable importance. Studies by Kim et al. (2020) 
demonstrate the influence of perceived waiting time on 
passengers’ emotional responses and their overall percep-
tion of the airport. The results show that prolonged waiting 
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can lead to negative emotions and reduced acceptance 
of security procedures, which, in turn, affects the airport’s 
image (Maliwat, 2018). Research by Marshall et al. (2022) 
indicates that the average waiting time for passengers in 
security screening queues at high-traffic airports is around 
20 minutes, although under peak conditions it may extend 
to an hour. The magnitude of this issue requires extensive 
infrastructure and sufficient human resources to support 
operations, which represents a substantial maintenance 
cost. For example, the annual cost of employing security 
screening operators at Aéroport de Paris is estimated at 
around USD 120 million (Brun et al., 2025).

The above-mentioned challenges have prompted ex-
tensive research into the functioning and potential optimi-
zation of security screening systems. A significant finding 
is that the quantity of clothing worn by a passenger direct-
ly influences queuing time (Bullock et al., 2010). This issue 
pertains to passenger preparation for the security screen-
ing process. However, this aspect has not yet been suffi-
ciently examined in scientific studies. Not only the quantity 
of clothing but also the number of items carried by the 
passenger and their general awareness of the screening 
procedures may cause disturbances and slowdowns in the 
process. This article provides a detailed analysis of the im-
pact of proper passenger preparation for security screen-
ing on system throughput. This topic has not yet been 
the subject of previous research, and the obtained results 
provide a basis for significant process improvement.

The subsequent sections of this paper include a review 
of the current state of knowledge regarding the phenom-
ena studied in the security screening process, identifying 
the research gap (Section 2). Section 3 presents the prob-
lem background based on empirical studies conducted at 
a real airport. Section 4 introduces the research method-
ology based on computer simulation and then presents 
the results and discussion, while Section 5 provides the 
conclusions.

2.	State of the art

One of the areas investigating phenomena occurring dur-
ing passenger and baggage security screening concerns 
the effectiveness of detecting prohibited items. Latscha 
et al. (2024) discovered that the time required for baggage 
screening strongly depends on the number of items con-
tained within. The more items are present, the longer the 
operator must spend on the inspection. Simultaneously, 
detection effectiveness decreases as the number of items 
in baggage increases. To improve detection rates, various 
operator-assistance systems are applied. An example is the 
Explosives Detection Systems for Cabin Baggage (EDSCB), 
which suggests to the operator specific regions of inter-
est that deserve closer examination. However, Huegli et al. 
(2025) demonstrated that this approach is flawed, as it dis-
tracts operators from other areas, thereby reducing overall 
detection performance.

Other studies focus on developing fully automated 
systems capable of identifying prohibited items. Convo-
lutional neural networks have been used to detect certain 
dangerous objects such as knives (Erarslan et  al., 2022), 
sharp items (Aydin et  al., 2018), and firearms hidden in 
baggage (Akçay et al., 2016). Hättenschwiler et al. (2018), 
in their study on automating explosives detection systems 
for cabin baggage, found that human–machine systems 
with automated decision-making outperformed diagnos-
tic-assistance automation. Schwaninger et al. (2004) dem-
onstrated that the issue may also be related to the level 
of operator training, indicating that operator training sys-
tems require significant improvement. However, the stud-
ies cited above primarily focus on ensuring an adequate 
level of security rather than addressing aspects related to 
passenger processing throughput.

Another research area focuses on process analysis 
from the perspective of maintaining a satisfactory level of 
security. Zeballos et al. (2023) conducted studies confirm-
ing the benefits of introducing an element of unpredict-
ability in the screening process. In practice, this means 
that a randomly selected portion of passengers undergoes 
screening using more than one method. This significantly 
enhances overall security levels. Buser et al. (2023) inves-
tigated the impact of operator working time on screening 
performance and confirmed that systematic staff rotation 
is essential. They also found that the rotation interval can 
be extended by about ten minutes beyond what regula-
tions mandate.

In other studies, such as Nikolaev et  al. (2012), the 
focus was on developing heuristic methods for assigning 
passengers to different security classes. Depending on the 
assigned class, different screening techniques were ap-
plied to achieve high security levels without compromising 
throughput. Similarly, Yildiz et al. (2008) proposed a new 
configuration of the security checkpoint to improve per-
formance while maintaining a high level of protection. The 
primary goal of these studies is ensuring security, while 
passenger throughput remains a secondary concern. As 
research in other areas of aviation (Karpenko, 2022; Kier-
zkowski et al., 2024) also indicates, safety is a key aspect. 
However, a common ground must be found to ensure 
both safety and performance of the process.

The final group of research studies, which will be indi-
cated in this paragraph, examines process analysis with a 
focus on passenger throughput performance. This type of 
analysis requires the development of microscopic models 
that allow for system sensitivity studies. Li et  al. (2018) 
presented the use of computer simulation to compare six 
different passenger queuing structures before the secu-
rity checkpoint. De Lange et al. (2013) proposed assigning 
passengers specific time slots to arrive at the checkpoint in 
order to reduce direct waiting times. Olapiriyakul and Das 
(2007) developed a mathematical model comparing the 
performance of conventional double-parallel lanes with a 
serial two-stage control system. Hsu et al. (2012) applied 
computer simulation to identify resource-minimization 
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methods while maintaining target system throughput. 
Bruno and Govense (2010) identified the potential for im-
provement through dynamic management of the system. 
Kierzkowski and Kisiel (2015a) modelled passenger flow to 
compare single and double security lane configurations. 
Subsequently, Kierzkowski and Kisiel (2015b) applied a 
simulation model to analyse the sensitivity of passenger 
preparation and baggage reclaim areas on the throughput 
of a double-lane checkpoint.

Only a few studies found in the literature relate closely 
to the research presented in this paper. Leone (2002) ana-
lysed various scenarios to determine the effect of bag-
gage-triggered alarms and manual baggage inspection 
procedures on process performance. Van Boekhold et al. 
(2014) investigated how the number of random alarms set 
on WTMD devices affects checkpoint throughput. Howev-
er, random alarms differ in nature from alarms caused by 
actual screening events. Three primary alarm rates – 10%, 
15%, and 20% – were examined. Skorupski and Uchron-
ski (2016) studied how WTMD sensitivity settings influ-
ence the number of alarms and their impact on process 
throughput.

A review of the literature clearly indicates that the 
number of alarms during passenger screening necessi-
tates additional screening procedures, which directly af-
fects process throughput. Some alarms are triggered ran-
domly, as required by security regulations, while others are 
caused by improper passenger preparation. The scale of 
this problem, however, has not yet been quantified. This 
study addresses that research gap. The aim of this study 
is to quantitatively assess the impact of improper passen-
ger preparation for security screening on the operational 
throughput of airport security checkpoints by combining 
experimental observations and simulation-based analysis.

Section 3 presents empirical research conducted on a 
real-world system, followed by a sensitivity analysis that 
shows how varying the number of alarms influences pro-
cess throughput – a topic not previously explored in detail.

3.	Problem background

Passenger security screening is carried out in accordance 
with applicable legal requirements. The airport where the 
research was conducted must comply with the provisions 
of Regulation (EUR-Lex, 2015). At least one of the fol-
lowing methods must be used: manual screening, walk-
through metal detector (WTMD), explosive detection dog, 
explosive trace detection device (ETD), non-ionizing body 
scanner (BS), or ETD combined with a handheld metal de-
tector (HHMD). When an operator cannot confirm whether 
a passenger is carrying prohibited items, a combination 
of methods must be applied until the operator is satisfied 
that the requirements are met.

Airports typically perform security screening using 
WTMD or BS as the primary methods, with some pas-
sengers randomly selected for ETD screening. When the 
WTMD or BS generates an alarm, the cause must be 

identified. WTMD and BS alarms are most often triggered 
when passengers are not properly prepared for screen-
ing – that is, when they fail to remove all items for sepa-
rate inspection and carry objects that cause a signal. Once 
an alarm occurs, the operator must resolve its cause, which 
may require the passenger to return to the preparation 
area for re-screening or to undergo manual screening. 
These additional actions significantly reduce throughput, 
as demonstrated later in the paper.

Apart from alarms, passengers must also return if they 
fail to remove outer garments such as coats, jackets, or 
blazers for separate screening. This results in similar per-
formance impacts as those described above.

To preliminarily assess the scale of the issue, field stud-
ies were conducted on a real security lane system. A total 
of 60 hours of operation were analysed (Figure  1). The 
lane was equipped with a WTMD for passenger screen-
ing. During the study, the number of alarms per hour was 
recorded. The preparation and item collection areas each 
accommodated an average of five passengers. Passenger 
movement through the security lane followed a free-flow 
pattern, meaning that there were no individual prepara-
tion booths  – passengers used a shared conveyor belt. 
The study was conducted under full workload conditions, 
with a continuous flow of passengers and no interruptions.

During the study period, the proportion of passengers 
triggering alarms at the WTMD ranged from 7% to 30%, 
with an average value of 15%. These results exclude ran-
domly generated alarms, which are determined determin-
istically under classified regulatory parameters for secu-
rity reasons. Only alarms caused by improper passenger 
preparation were considered. The measured throughput of 
the security lane varied between a minimum of 115 pax/h 
and a maximum of 140 pax/h, with an average value x  of 
123.77 pax/h. Detailed hourly results are shown in Figures 
2 and 3.

The results indicate that the proportion of passengers 
requiring additional screening actions is significant. A 
clear correlation can be observed between the number of 
alarms and the throughput of the security lane. Figure 4 
shows the relationship between throughput and the num-
ber of alarms recorded.

For the analysed dataset, the Pearson correlation co-
efficient (Equation (1)) indicated a strong negative cor-

Figure 1. Structure of the analysed security lane
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relation. This finding highlights the need for deeper in-
vestigation and provides grounds for efforts to improve 
the process by reducing the number of alarms at security 
checkpoints:
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where: xi is ith result from the test sample for the number 
of alarms yi is yth result from the research sample for ef-
ficiency x  is average number of alarms from the sample 
y  is average throughput from the sample.

Due to the limited size of the empirical dataset and the 
inability to test the full alarm probability range on a live 
system, Section 4 presents simulation-based experiments 
to compute precise dependencies. These results demon-
strate how variations in alarm frequency affect passen-
ger throughput at airports, offering valuable insights for 
airport management to assess whether improvements in 
throughput are achievable.

4.	Analysis of the impact of the number of 
triggered alarms on passenger throughput

4.1. Description of the simulation model and 
simulations
To accurately estimate the impact of the number of gener-
ated alarms on passenger throughput at a security check-
point, a simulation experiment was conducted. A simula-
tion model was developed to represent the procedures 
applied using WTMD (Walk-Through Metal Detector) 
equipment. The algorithm is presented in Figure 5.

The performance modeling assumes a constant pas-
senger inflow to the security lane. At any given moment 
t, when the number of passengers in the preparation area 

( )i

i
p t P

p
∈
∑  is less than five, a new passenger pi is gener-

ated and placed in the preparation zone P. The passenger 
begins the preparation process for security screening ac-
cording to the service time assigned from the probability 
density function (Equation (2)). Then, the algorithm checks 
whether the passenger is first in the queue and whether 

Figure 2. Throughput of the security lane system across 
60 measurement samples

Figure 3. Number of alarms caused by improper passenger 
preparation across n = 60 samples

Figure 4. Relationship between throughput and number of 
alarms

Figure 5. Algorithm of the simulation model
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the number of passengers 
( )i

i
p t C

p
∈
∑  in the control area C 

equals zero. If not, this condition is checked in a loop until 
it is satisfied. When the condition is met, the passenger 
proceeds through the WTMD, with the screening time be-
ing deterministic tWTMD = 2 s and corresponding to the 
average passage time through the WTMD.

The next step verifies whether an alarm is triggered. 
Alarms can be generated for two reasons. The first is a 
constant probability PAetd associated with the detection of 
trace amounts of explosive materials (ETD). This probabil-
ity, due to security considerations, remains classified. The 
second cause of an alarm is improper passenger prepa-
ration, requiring manual screening to resolve the issue. 
Because the occurrence of such events is random and 
depends on varying intervals between passengers, this 
variable is generated by the probability density function 
(Equation (3)), defining the number of passengers between 
successive alarms. The simulation model counts the num-
ber of passengers, and after a given number of correct 
passages through the WTMD, it meets the condition for 
alarm occurrence and directs the passenger to manual 
screening.

If the passenger is subject to ETD screening, the dura-
tion of this process is determined by a value drawn from 
the probability density function (Equation (4)). In cases 
of manual screening, the duration is generated based on 
function (Equation (5)). After the screening is completed – 
or if no screening was required  – the algorithm checks 
whether the passenger can proceed to the baggage re-

claim area. The total number of passengers 
( )i

i
p t IC

p
∈
∑  in 

the reclaim zone must be less than five. If movement is not 
possible, the algorithm repeatedly checks for availability 
in a loop. The passenger then retrieves their belongings 
within a time interval drawn from the probability density 
function (Equation (6)) and exits the system:
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Based on these parameters, the simulation model was 
verified. A total of 100 simulation repetitions were con-
ducted, each with a 60-minute duration. A parametric two-
sample significance test was performed, adopting the null 

hypothesis that the mean throughput of the real system 
equals that of the simulation model. The u statistic was 
calculated according to Equation (7), where 1 2,x x  the 
means and 2 2

1 2,s s  variances correspond to those of the 
real and simulated systems, and 1 2,n n  represents sample 
sizes:
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For a significance level of α = 0.05, the critical value 
of the test is uα = 2.81. Since the condition u uα≥  was 
not met, there is no basis for rejecting the null hypothesis. 
Therefore, the simulation model can be considered con-
sistent with the real system:
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4.2. Results of the simulations and analysis
Based on validated model (Section 4.1.), a sensitivity analy-
sis was performed in which the location parameter (loc) of 
the probability density function (Equation (8)) was varied 
from  –12 to 20, enabling assessment of system behav-
ior across the full range of average alarm probabilities Pa 
caused by improper passenger preparation. The results are 
shown in Figure 6.

A large-sample Monte Carlo simulation with 2,000 rep-
etitions enabled the identification of the key influence of 
passenger preparation on security screening throughput. 
It was observed that, in a scenario where all passengers 
require manual screening, the throughput of a security 
lane may drop to 92 pax/h. In contrast, under optimal 
conditions – when all passengers are perfectly prepared – 
the throughput can reach up to 152 pax/h. The difference 
between the maximum and minimum values is 60 pax/h, 
which is highly significant, considering that airports typi-
cally operate several to a dozen or more security lanes in 
parallel.

Thus, the effectiveness of passenger preparation can 
either constrain or enhance an airport’s capacity to process 

Figure 6. Impact of the average alarm probability on the 
throughput of a security lane
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several aircraft per hour, particularly in hub airports. Fig-
ure 6 demonstrates the linear nature of throughput varia-
tion as a function of alarm probability. Consequently, the 
Pearson correlation coefficient was recalculated for the 
entire simulated population (Equation (9)):
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The resulting linear correlation coefficient indicates a 
strong linear relationship between the number of manually 
screened alarms and the achieved system throughput. This 
dependence can be expressed by Equation (10):

45.29 140.95y x= − + .	 (10)

The derived relationship serves as a reliable indicator 
of the linear dependency between these variables. How-
ever, it must be emphasized that this is not the only fac-
tor influencing overall system performance. Another key 
aspect is the human factor – specifically, the time required 
for individual actions by both passengers (e.g., prepara-
tion, retrieving belongings) and operators (e.g., manual or 
ETD screening time). This effect is visible in the presented 
results (Figure  6). Even under optimal conditions, when 
the number of manual screening alarms is minimal (0–
1%), the achievable throughput ranges between 134 and 
152 passengers per hour. In Figure 6, it can be observed 
that a high number of alarms becomes the dominant fac-
tor determining system performance and reduces the ran-
domness of the process. It becomes easier to predict how 
many passengers will be processed. For example, when 
90% of alarms are generated, the variance of the average 
throughput is 10.96, whereas for 10% of generated alarms, 
this value equals 20.07. Therefore, by reducing the num-
ber of alarms through better passenger preparation, other 
random factors must also be addressed. This is important 
because the lack of predictability in system performance 
can lead to poor planning of the number of workstations 
required to handle the process. To optimize the process, 
further research should investigate other factors contrib-
uting to process randomness and performance degrada-
tion. Another possible solution may involve maintaining a 
higher capacity reserve by opening additional screening 
lanes. In this case, a pessimistic scenario is assumed, in 
which the system does not reach its average throughput 
level. Proper management and optimization of the security 
checkpoint should therefore take into account all contrib-
uting factors. This provides a foundation for extending the 
research presented in this paper.

4.3. Results discussion
The results obtained clearly highlight the dominant influ-
ence of passenger preparation on the operational efficien-
cy of airport security screening. However, several aspects 
merit further interpretation and discussion.

Firstly, while the strong linear correlation (r = –0.98) 
demonstrates a consistent relationship between alarm 
frequency and throughput, real-world checkpoint perfor-
mance is rarely governed by a single variable. The model 
assumes uniform passenger behavior and operator re-
sponse times, which simplifies the actual operational dy-
namics. In practice, throughput is influenced by multiple 
stochastic factors such as variability in passenger flow, 
communication delays, equipment readiness, and human 
fatigue. These aspects can introduce nonlinear effects that 
slightly deviate from the idealized linear dependency ob-
served in simulations. Therefore, extended field validation 
using real checkpoint data is recommended to confirm the 
general applicability of the results.

Secondly, the relationship between alarm rates and 
overall process stability reveals an operational trade-off. 
While lower alarm rates enhance throughput, they also 
increase the stochasticity of the process. The system be-
comes more sensitive to random individual delays, espe-
cially when passenger preparation time or operator avail-
ability fluctuates. This indicates that system optimization 
should not focus solely on maximizing throughput but 
also on maintaining predictability and resilience under 
varying operating conditions.

Thirdly, the results point to the broader implications of 
human factors. Passenger behavior, situational awareness, 
and adherence to preparation guidelines significantly af-
fect system efficiency. Similarly, operator workload distri-
bution and response patterns play a crucial role in sustain-
ing throughput. These findings suggest that improvements 
in human–system interaction, such as better staff training, 
ergonomic workstation design, and intelligent queue man-
agement, could yield efficiency gains comparable to those 
achieved by technological upgrades.

Moreover, the study underscores the potential of pas-
senger education and communication strategies. Providing 
clear guidance through digital tools (e.g., mobile applica-
tions, automated signage, or video instructions) can mean-
ingfully reduce the share of alarms triggered by improper 
preparation. However, the real impact of such measures 
may depend on cultural factors, passenger demographics, 
and airport layout, all of which should be investigated in 
future research.

Finally, this analysis opens a path for further explo-
ration of systemic resilience. Introducing predictive mod-
eling and adaptive lane allocation – using data-driven or 
AI-supported decision systems – could help dynamically 
adjust resources to real-time conditions. Such develop-
ments would not only enhance operational performance 
but also reduce the uncertainty associated with fluctuating 
passenger behavior and random process disturbances.

5.	Conclusions 

The outcomes of conducted study confirm the crucial role 
of passenger preparation in determining the overall effi-
ciency of the security screening process. The Monte Carlo 
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simulation results clearly demonstrate that the number of 
alarms requiring manual screening has a significant and 
strongly negative impact on lane throughput. This implies 
that even a small improvement in passenger preparation 
effectiveness and a reduction in the number of alarms can 
lead to a noticeable increase in operational efficiency. The 
relationship between alarm frequency and throughput is 
linear, allowing for the prediction of performance changes 
based on specific operational parameters. Nevertheless, it 
should be noted that other factors – particularly those re-
lated to human performance, such as reaction time, work 
pace, and cooperation between passengers and opera-
tors – also affect process efficiency.

The findings not only confirm the quantitative impact 
of alarm frequency but also reveal the broader qualitative 
dimensions of system performance. A high alarm rate in-
creases the predictability of the system by reducing ran-
dom variations, while a low alarm rate, although improv-
ing throughput, introduces greater stochastic variability 
in passenger processing times. This duality suggests that 
optimizing security checkpoint operations should aim 
not only to maximize throughput but also to maintain 
system stability and predictability under varying traffic 
conditions.

Moreover, the results underscore the importance of 
integrating human and organizational factors into perfor-
mance modeling. The influence of operator workload, pas-
senger compliance, and interaction dynamics within the 
screening lane plays a substantial role in determining actu-
al efficiency. In this context, the concept of passenger edu-
cation becomes a practical and measurable intervention. 
Enhanced communication through digital channels (e.g., 
airline mobile applications, pre-departure notifications, in-
teractive signage) and proactive staff guidance can signifi-
cantly reduce the number of alarms triggered by improper 
preparation. Such measures would not only streamline the 
screening process but also improve the passenger experi-
ence by minimizing delays and uncertainty.

From an operational management perspective, the 
study highlights the need for adaptive resource planning 
at airport checkpoints. In real-world conditions, unpredict-
able fluctuations in alarm frequency or passenger behavior 
may require flexible staffing and the dynamic allocation 
of screening lanes. Incorporating predictive analytics and 
data-driven decision support systems could allow security 
managers to anticipate performance deviations and de-
ploy resources more efficiently.

Finally, the presented research establishes a foundation 
for future investigations. Subsequent studies should focus 
on validating the proposed relationships in real operation-
al environments and extending the simulation model to 
include additional stochastic parameters, such as variability 
in passenger flow patterns, equipment reliability, and op-
erator fatigue. Furthermore, future work could explore the 
integration of behavioral modeling and machine learning 
methods to predict passenger compliance and optimize 
queue management strategies.

In summary, improving passenger preparation is not 
only a procedural enhancement but a strategic opportu-
nity to balance efficiency, predictability, and passenger 
satisfaction within the broader framework of airport se-
curity operations.
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