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AN EMPIRICAL STUDY ON SYSTEM DYNAMICS MODEL
FOR SUSTAINABLE DEVELOPMENT
OF AIR TRAFFIC CONTROL UNITS

Abstract: With the rapid growth of flight volume, the cortdietion between insufficient support capabilityaf
traffic control (ATC) units and large demand forvdlpment ultimately hinders their sustainable aade
development. The article aims at the leverage poirthe contradiction between supply and deman@sso
provide scientific safety policies. Based on thetem archetype "growth and underinvestment”, frém t
perspective of the feedback relationships betweppart capability, safety, and development, thesabiy of the
dynamic factors of control, communication, navigafiand surveillance, as well as meteorology afatrimation
subsystems was studied. Then, a system dynamicelfardhe sustainable and safe development of AhEs
was established. Taking the Tianjin ATC sub-buraawan example, policy suggestions for sustainaidesafe
development were put forward according to the stesamulation results.

Keywords: air traffic control, support capability, safe, gisable development, system dynamics

I ntroduction

The main task of ATC (air traffic control) unitstis manage the airspace, make flight
rules and procedures, and provide services for aomuation, navigation, surveillance,
information, and aviation meteorology [1]. The sogpcapability of ATC units cannot
match demands for rapid development, leading tquizet unsafe ATC event, reduced
flight normality. It is necessary to study the dyna match between support capability,
safety, and development, and how to make policysiaets in the process of rapid growth
of flight so as to realize the sustainable and dafeelopment of ATC units.

There is a dynamic and complex feedback relatignsbetween safety and
development. Initially, scholars studied safety aledelopment from a single perspective
of safety or development. The fluctuation rule bé tinfluence of safety input (people,
equipment, environment, and management) on safatgl lwas simulated by system
dynamics model of safety management strategy of A& [2]. In terms of development,
demand prediction models, and dynamic demand dgphelancing dynamic airspace
management were used to provide regional air tréiffiv management initiatives, and the
capacity of an air traffic services depends onl¢lel and type of provided, availability of
support and alert systems, ATC workload, equiprpenfiormance available and so on [3].
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However, organizations should bear safety presstwe®sponding to development,
with rapid development, safety and development mwgually restricted [4]. In the
conflicting relationship between rapid developmantl safety, the key factor of support
capability cannot be ignored. Unsafe event willuwwowhen support capability cannot keep
up with the pace of development, and this lag wllturn constrain the development.
ATC safety support capability consists of 4 indexhich are personnel capability,
equipment capability, environment capability andnagement capability [5]. However,
how restraint between support capability and soatde and safe development is to be
studied.

Based on the literature review, it was determinkdt tthe available research on
sustainable and safe development of ATC units hasynshortcomings. First, a single
perspective of safety or development without cossid) the demand of support capability
caused by the growth of flight volume. Second, fdepartments restrict each other, but the
present literature mainly focuses on single depamtmin particular control, without
comprehensive considering communication, meteoyplognformation, and their
interactions.

As an ATC units involves the dynamic matching ofasge amount of equipment,
various types of personnel, airspace environmetitnaanagement, etc., it is a dynamic and
complex social system, and its sustainable anddsafelopment is restricted by a variety of
factors. System dynamics is an effective methosbtee complex, nonlinear, and dynamic
problems [6, 7], which is developed from systeneotly and control theory [8]. It was first
proposed by Forrester of MIT in 1961. The systemasiyics method is composed of
feedback loops, variables, and equations [9-11tkvkmphasize information feedback and
use feedback structures to simulate the interattgaween internal factors of the system, to
clarify the impact of different policies on the % in the future, and to help people
understand the complex coupled system behavioursafety management [12].
Its advantage is that it can provide more reliafi®rt- and medium-term predictions
than statistical models, and can provide a meanddtermine the leverage point
of the problem [13, 14].

To sum up, this paper focuses on the restrictiorsugfport capability, safety, and
development, determining the internal interactibthe main factors in four departments so
as to build a system dynamics model for sustainabte safe development of ATC units.
This model could analyse the dynamic feedbackiogiship between four subsystems and
their internal factors. The model explores the @unsble and safe development mode of
ATC units by simulating the safety trends and depelent trends of ATC units under
specific policies.

System dynamic model of ATC units

Causal loop diagram

The impact of the increase of flights on ATC urigsreflected on the increase of
manpower, material resources, and other resourtkeirfour departments. The gaps can
cause the support capability to be unable to midteldevelopment level. Thus, the number
of unsafe event increases and the regularity ghti decreases, which also encourage
leadership to take measures of flow control totlithé rapid growth of flights. In this way,
the system presents a dynamic characteristic shatti of proportion and out of line [8].
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Thus, ATC units are in accordance with the feedbaale of the growth and
underinvestment archetype [15].
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Fig. 1. Conceptual model for the sustainable afel davelopment of ATC units

Corresponding to the growth and underinvestmertiedype, a conceptual model is
constructed as shown in Figure 1, which is composkda support capability loop,
sustainable safety loop, and sustainable developrimp. Among them, "action to
promote growth" is development (controlled aircrsdirties); "demand” mainly includes
development demand, safety demand, and service mikniperformance” is the flight
regularity rate and unsafe event rate; "performastaedards” include "safety goals" and
"flight normality goals"; "investment and constrioct' refers to the investment in ATC
support capability; "capacity" refers to the AT(part capability.

Subsystem for the sustainable and safe development of the control department

The development of flights has brought about ingirepdemand for controllers. But
the growth of the number of controllers has a tiekay. Professional ability of controllers
affects the safety capability [16] and regularifyflhts. In addition, when the knowledge
level of the members is relatively consistent, ¢ch#ocation fitness between the members
will be improved and conflict will be reduced. Timerease of the number of flights and the
working conditions emphasizing safety and timelineause controllers to tire and may
lead them to operate illegally [17]. Moreover, dmfwithin the team threatens the safety
of operation [18]. The attitude of managers is teglato safety culture and supervision
strength, so that controllers can actively impraoleir working attitude [19]. Controlled
aircraft sorties are not only affected by the GD#l @opulation [14], but they can be
restricted by the unsafe event rates, flight delaysl flow control. So, the causal loop
diagram of the control department subsystem inreigu
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Subsystem for the sustainable and safe development of the communication, navigation,
and surveillances (CNS) department

The equipment is the direct carrier for the comgroto perform air traffic control.

An increase in the number flights leads to the demn#or increasing the number,
automation [20], and humanization [21] of equipmeBguipment support is the basic
guarantee for ATC safety [22], and the quantity apality of equipment maintenance
personnel are the source power for the quality @fCAequipment assurance [14].
If the compatibility is good, the integration anthsing between devices will be good and
the connection will be seamless. With the increakeorties, the equipment workload
increase continuously and equipment failure occaremfrequently. This reduces the
comprehensive support capability of equipment aedd$ to frequent unsafe event.
Complex type brought great difficulties to the gaimaintenance of equipment.
The reduction of normality and safety performandg im turn, restrict the sustainable and
safe development of ATC units. So, the causal ld@gram of the CNS department
subsystem shown in Figure 3.

Subsystem for the sustainable and safe development of meteorology department

The increase in controlled aircraft sorties incesathe requirements for meteorological
service quality [19]. The more flights there arége tsmaller the time intervals of
meteorological observation. The shortening of olestyn time intervals not only increases
the workload of meteorological personnel, but alswreases the workload of
meteorological observation equipment, causing @nsafent and flight irregularity.
Therefore, it is necessary to increase the inpuheftechnical support and the training of
meteorological personnel, so as to improve theityuaf meteorological personnel and
ensure the accuracy of observations. The increfff® ainsafe event rate and the decrease
of the flight regularity rate caused by meteorotadjifactors inhibit development, as ATC
units will take measures of flow control to reddlbe number of flights. So, the causal loop
diagram of the meteorology department subsystemr€&ig.
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Fig. 4. Causal loop diagram of the meteorology depent subsystem
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Subsystem for the sustainable and safe development of information department

The quality and workload of the information persehrmaffects the accuracy of
information which have interaction with perfectiof information reporting regulations.
More investment in the training is benefit of alyilof information personnel. The higher
the safety awareness and ability can reduce thafeiesent rate. The increase in controlled
aircraft sorties increases the workload in recgjvand dispatching information, thus
increasing the workload of the information persdnmesulting fatigue and "mistakes,
forgetfulness and omission". Altogether, theserigsthe development of ATC units. So,
the causal loop diagram of the information depantnsebsystem in Figure 5.
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Fig. 5. Causal loop diagram of the information dépant subsystem

Flow diagram

According to the analysis in “Causal loop diagrath& four subsystems are connected
by actual controlled aircraft sorties, unsafe eveate, the flight regularity rate.
The variables in the causal loop diagram are dd/ideo four categories (stock, flow,
auxiliary, and exogenous). Then the flow diagramFigure 6 was built. The policy
variables and observation variables are shown bieTa
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Table 1
Policy variables and observation variables

Business areas Policy variables Observation variables
Controller recruitment rate
Controller payment level
Proportion of controller training investment outtofal
Flow control level
Safety attitude of managers
Soundness of safety regulations
CNS equipment maintenance personnel recruitment rat
CNS equipment introduction approval rate
Proportion of equipment technology investment dubtal
Proportion of equipment maintenance investmenbbtdtal Unsafe event rate
Proportion of equipment maintenance personnelitrgin
investment out of total Flight regularity rate
Uniformity of standards of equipment specifications
Standardization of equipment maintenance standards Actual controlled aircraft
Safety attitude of managers sorties
Proportion of meteorology personnel training inwestt out
of total
Proportion of technical support investment outobélt
Proportion of equipment technology research and
development investment out of total
Proportion of information personnel training invasht out
of total
Improvement of reporting of regulations
Safety attitude of managers

Control

Communication,
navigation, and
surveillance

Meteorology

Information

Application of system dynamic model of ATC units

The air traffic control units are divided into tereategories, namely, the air traffic
management bureau of the Civil Aviation Adminidoat the regional air traffic
management bureau and the air traffic control swiedu (air traffic control station).
The air traffic management bureau of the Civil Aiia Administration has no operational
entity Regional air traffic management bureausrasponsible for the coordination of local
operation and the whole region. Air traffic contmlb-bureaus and air traffic control
stations fully perform operation duties, but theekgion business of air traffic control
stations is not perfect. Therefore, we focus oPARE sub-bureau.

Tianjin ATC Sub-bureau has departments of contr@teorological, information, and
communication, and each department has completaatipe procedures, mature
management system, and powerful personnel and reguip support capacity.
The operation system is relatively large, in linghwhe basic characteristics of a complex
system. According to the historical data of TiamiilC sub-bureau, the development and
support capability increase year by year. On thempe that the support capability
and development level are improving, the rate fafm event should show a stable trend,
but the rate of unsafe event is on the rise. Thify freflects the mismatch between
the support capability and its development leval arovides a foundation for exploring
the relationship between safety, support capalality development.

Therefore, taking Tianjin ATC sub-bureau as an gdanthe system dynamics model
for the sustainable and safe development of AT@&waas applied.
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Equation and parameter estimation

There are three ways to establish the parameteéhg imodel. First, data collection and
interviews are used to obtain relevant parameféhng second is to use the statistical
regression. Third, the table function method canuked. According to the different
properties of variables, the main equations cardib@&ed into three categories: stock
equation, flow equation, and auxiliary variable &ipn. The main variables and equations
in the model are shown in Table 2.

Table 2
Main variables and equations in the model
Variabletype Variable name Equation Unit
Number of controllers INTEG (incrementdecrement, initial value) | [person]
State variabl Actual controlled aircraft sortigs INTEG (incrementdecrement, initial value) | [sortie]
Flight regularity rate INTEG (incrementdecrement, initial value) []
Unsafe event rate INTEG (incrementdecrement, initial value) [-]
Number growth of controllers DELAY1 (Number of neantrollers, 1) [person]
Numbe'r decrement of CNS Number of CNS equipment a_vailable* Loss H
equipment available coefficient of CNS equipment
Rate variable] Number decrement of aircraf

. e )
sorties Actual controlled aircraft sorties * Flow control  sdfrtie]

D ¢ ability of I lIF THEN ELSE (Controller payment level > 05,
ecrement of ability of controller 0,—0.3 Controller payment level +0.2)
Consistency of controller’s | IF THEN ELSE (Training efforts of controllers
knowledge <0.5, 0.5, Training efforts of controllers)
IF THEN ELSE(Flight regularity rate <0.5,32*
Flight regularity rate)
(—Safety awareness of information
Auxiliary Mistakes, forgetfulness and| personnel+1)*0.3+Workload of information
variable omission personnel*0.4+Ability of information
personnel+1)*0.3
Perfection of information reporting
Regulations*0.3+Ability of information
personnel*0.5+Workload of information
personnel+1)*0.2

Congestion level

Accuracy of information

M odel validation and test

The process of consistency validation and structi@st helps to establish the
credibility of the model. The simulated data anstdical data of the unsafe event rate and
actual controlled aircraft sorties from 2008 to Qdre compared and analysed to verify
whether the model is valid. The maximum error ofuakt controlled aircraft sorties is
8.2 %, and the average relative error is 3.00 % mlaximum error of unsafe event rate is
10.3 %, and the average relative error is 4.3 % @tnor is within the acceptable range
[23], so the model can be used for scenario sinamat

Scenario simulation and result analysis
Original policy simulation

Under current safety policy, we input actual datéhe Tianjin ATC sub-bureau from
the year 2019 into the model. The trends of actoalrolled aircraft sorties, the unsafe
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event rate, and the flight regularity rate of thanjin ATC sub-bureau from 2019-2036 was
shown in Figure 7. The step length was 1, the wai year, and the simulation time was
17 years.
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Fig. 7. Original policy simulation of Tianjin ATCub-bureau: a) unsafe event rate, b) flight reguyari
rate, c) actual controlled aircraft sorties

According to Figure 7a, with the current policigBe unsafe event rate will keep
increasing. According to Figure 7b, with the cutreafety capacity and development level,
the flight regularity rate will show a downward ncke from 2020 to 2024, reaching
a minimum of 0.55 in 2024. After 2024, althoughvitl show an upward trend, the growth
will be slow. Then the flight regularity rate wikach 0.608 in 2036, which does not meet
the safety target of 0.7 or above, hardly meetrégirement of sustainable and safe
development. According to Figure 7c, the numbenriofraft sorties show linear growth
from 2019 to 2024, with an annual increase of ald&i000. After 2024, the number of
aircraft sorties will grow slowly, reaching satuost and maintaining the level at 270,000
after 2031. Under the current policies, it is diffit to achieve the growth rate of 10 % from
2024 to 2036.

Scenario simulation for the sustainable and safe development

We determined main variables through the scenanmlation in a single business
field. These variables include: Controller pay le@#1), Proportion of controller training
investment out of total (V2), Flow control level )/ Proportion of equipment maintenance
investment out of total (V4), Uniformity of standar of equipment specifications (V5),
Safety attitude of managers (V6), Proportion of ipqent technology research and
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development investment out of total (V7), and Prtipo of information personnel training
investment out of total (V8). These variables awdéd into two categories: one represents
the development capability of the Tianjin ATC sulrdmau, and the other represents the
support capability, so as to design three poli@nacios for sustainable development.

Maintain support capability but decrease development

Keeping the support capability, we ran a simulatittn observe the level of
development when safety performance targets agiat flegularity targets achieve. Through
model debugging, under the condition that the siteal value of flow control level began
at 0.55, it rose to 0.65 (Policy a) and 0.8 (Poliyto observe the variation trend in these
three policies.

a) Original policy—=— Policy a=—=—Policy b b) Original policy—e— Policy a==— Policy b

0.20: 0.85

0.19 0.80
— o1 _ /
jN T~ ) 0.75
g 017 el g N _/
g / R e
ol -] ——
e /4 E 065
o 0.15 §.,
5 014 /)'/.—----—-_\_ 8 4 60- T
c 0.144p =
> (=2 [~

o \\ 2 o0s N

2edy T T T T T T T 1 0.50=—r T T T T T T T 1
2020 2022 2024 2026 2028 2030 2032 2034 2036 2020 2022 2024 2026 2028 2030 2032 2034 2036
Time [year] Time[year]
c)

Original policy====Policy a===—Policy b
30000 9 P Y Y

27500

25000 ./.’o———-

22500 //:ir

20000 7

/

175000

150000

Actual controlled aircraft sorties [sorties]

2020 2022 2024 2026 2028 2030 2032 2034 2036
Time[year]

Fig. 8. Maintaining the support capability but deasing the development of Tianjin ATC sub-bureau:
a) unsafe event rate, b) flight regularity rateacfual controlled aircraft sorties

It can be seen from Figure 8 that when the flowtimdrievel was raised from 0.55 to
0.8, the unsafe event rate was significantly imptb¥rom 2019-2036. After 2024, the
unsafe event rate shows a downward trend. Meanwfilght regularity would be
significantly increased after 2022, reaching 072036. Although strict flow control can
significantly improve the unsafe event rate anghftiiregularity, it would also affect the
development of flights. As a result, the actualtoalfed aircraft sorties would be reduced
by nearly 50,000 compared with the original pokciand the annual growth rate of 10 %
could not be achieved.



11z

Fang Chen, Xi Chen and Xinjian Zhang

Maintain development but increase the support capability

Through the orthogonal table of L18(3"7), policea® combined to determine the
policy scenarios. This paper selects five poliggrseios, which set in Table 3.

Table 3
Policy scenarios
Policy V1 V2 V4 V5 V6 V7 V8
Policy 1 0.5 0.2 0.1 0.35 0.5 0.1 0.2
Policy 2 0.5 0.3 0.15 0.4 0.6 0.15 0.25
Policy 3 0.7 0.3 0.25 0.5 0.7 0.2 0.25
Policy 4 0.6 0.2 0.1 0.4 0.7 0.15 0.3
Policy 5 0.6 0.35 0.15 0.5 0.5 0.2 0.2
Policy 6 0.6 0.35 0.25 0.35 0.6 0.1 0.3
Policy 7 0.5 0.2 0.15 0.35 0.7 0.2 0.25
Policy 8 0.7 0.3 0.25 0.4 0.5 0.1 0.3
Policy 9 0.7 0.35 0.1 0.5 0.6 0.15 0.2
Policy 10 0.5 0.2 0.2 0.5 0.5 0.15 0.25
Policy 11 0.5 0.2 0.1 0.35 0.86 0.2 0.3
Policy 12 0.5 0.3 0.15 0.4 0.7 0.1 0.2
Policy 13 0.6 0.2 0.15 0.5 0.6 0.1 0.3
Policy 14 0.6 0.3 0.25 0.35 0.7 0.15 0.2
Policy 15 0.6 0.35 0.1 0.4 0.5 0.2 0.25
Policy 16 0.7 0.2 0.25 0.4 0.85 0.2 0.2
Policy 17 0.7 0.3 0.1 0.5 0.7 0.1 0.25
Policy 18 0.7 0.3 0.15 0.3 0.5 0.15 0.3
a) —*—Original policy i » b) —‘—Original policy i )
0.20 —=— Policy 2 —e— Policy 3—+— Policy L 0.750—-— Policy2 —e— Policy3—+— Policy4
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Fig. 9. Maintaining development but increasing swport capability of Tianjin ATC sub-bureau:
a) unsafe event rate, b) flight regularity rateacfual controlled aircraft sorties
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For clarity, this article only shows Policy 2, Rgli3, and Policy 4 in Figure 9.
According to Figure 9a, Policy 3 can minimize treger of unsafe event. According to
Figure 9b, Policy 3 can significantly improve tHeglit regularity after 2022, reaching
0.733 in 2036. Through the policy scenario simalatiit was found that the best policy
combination is Policy 3. Separately adjusting thep®ert capability can improve the unsafe
event rate and flight regularity rate, but thereuldobe a delay for 2-3 years. According to
Figure 9c, adjustments to the support capabiliph@lwould not cause the number of
controlled aircraft sorties to grow significantl@n the one hand, traffic control is not
relaxed; on the other hand, only raising the l@fedupport capability but not changing the
development led to mismatch between the developieset and the support capability,
thus limiting the growth of actual controlled amftrsorties.

Sustainable and safe devel opment

Considering the advantages and disadvantages abthé schemes, it is necessary to
reduce the development level while increasing tingpert capability in 2023. After the
delay of the support capability, the current depeient level and support capability will be
maintained.

Taking advantage of the simulation game in VENSI, set the support capability
according to policy 3 in the simulation in 2019.€eTinaffic control level reached up to 0.8
in 2019-2023, then, reduced to 0.45 in 2024. Tieeifip collocation scheme is in Table 4.

Table 4
Policy scenarios
Policies V1 V2 V4 V5 V6 V7 V8 V3
Original policy 0.5 0.25 0.15 0.3 0.55 0.1 0.2 0.55
Policy for
sustainableand 06 | 035 | 0.2 05 0.7 0.2 03| fES S
safe development ’

According to Figure 10, the unsafe event rate efftanjin ATC sub-bureau would be
significantly decreased, reaching 0.121 million2®86. The flight regularity rate would be
significantly improved compared with the traditibd@velopment pattern, reaching 0.83 in
2036. The trends of unsafe event rate and flighQuleeity rate show that the support
capacity of Tianjin ATC sub-bureau can meet thedseef development. The number of
aircraft from 2019 to 2023 would be lower than timthe traditional development pattern,
while after 2024 it would be higher than the tradfial development pattern and reach
nearly 700 million by 2036. Thus, this simulatioancachieve the development target of
a 10 % annual growth rate. Although the developni@rel will be limited under the strict
flow control at the beginning, the safety level ahd flight regularity will be guaranteed.
After the release of the flow control, the suppoapacity has been greatly improved to
meet the needs of rapid development. Under thisasa® Tianjin ATC sub-bureau can
achieve sustainable development.
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Fig. 10. Sustainable and safe development of TiaAIC sub-bureau: a) unsafe event rate, b) flight
regularity rate, c) controlled aircraft sorties

Conclusion

Due to the numerous factors and complexity of ATty the relationship between
unsafe event and flight regularity is difficult poedict. Therefore, this paper aimed to build
a system dynamics model for the sustainable areldmafelopment of ATC units based on
system archetype "growth and underinvestment” ntpkinto account the subsystems of
control; communication, navigation and surveillgngaeteorology; and information.
The model explains the complex interaction feedlraekhanism and dynamic mechanism
of air traffic control system factorsshowing that system dynamics can be used to describ
complex ATC systems.

This paper uses the real data of Tianjin ATC suledu to analyse the trend of safety
and development. According to the situation analysisults, Tianjin ATC sub-bureau
cannot achieve the sustainable safety developnait ianjin ATC sub-bureau need to
realize the time delay and adjust the support difyahnd development level timely and
scientifically. However, only linear and single asiiment of support capacity or
development level cannot ensure the sustainaltlesafe development, so it is necessary
to coordinate them, and the model provide a way.

This paper put forward policy scenarios for susthla development of Tianjin ATC
sub-bureau. In 2019-2023, reduce the developmes Mhile increasing the support
capability, in 2024-2036 to relax traffic contrah 2019-2023, increase “controller pay
level” by 10 %, increase “proportion of controlteaining investment out of total” by 10 %,
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increase “safety attitude of managers” by 15 %,raase “Proportion of equipment
technology research and development investmentobuotal” by 10 %, and cut 25 %
flights; in 2024-2036, releasing the flow contral 45 % while maintaining the same
support capability.

The model can simulate the trends of the unsafateage, the flight regularity rate,
and the actual number of controlled aircraft sertiader different scenarios. In the process
of the rapid growth of the number of flights, tm®del can support policy decisions for
ATC units to improve the support of capability igeadient, step-by-step, planned way, so
as to realize the sustainable and safe developofeATC units. The dynamic model of
ATC unit sustainable safety development establishekis paper is simulated with Tianjin
ATC sub-bureau as an example, showing that the huade be extended to other ATC
units and fields for decision support for complgstems.

References

[1] Arblaster M, Zhang C. Liberalisation of airpaair traffic control: A case study of Spain. TrarRplicy.
2020;91:38-47. DOI: 10.1016/j.tranpol.2020.03.003.

[2] Galvin JJ. Air Traffic Control Resource Managamh Strategies and the Small Aircraft Transpontatio
System: A System Dynamics Perspective [PhD TheBiskksburg: Virginia Polytechnic Institute & State
University; 2002. Available from: https://www.reselagate.net/publication/242281854 _Air_traffic_cohtr
resource_management_strategies_and_the_small flaim@asportation_system_A_system_dynamics_pers
pective.

[3] Kistan T, Gardi A, Sabatini R, Ramasamy Bgtuwangala EAn evolutionary outlook of air traffic flow
management techniquedrog Aerosp Sci. 2017;88:15-42. DOI: 10.1016/j.paer2016.10.001.

[4] Cooke DL, Rohleder TR. Learning from inciderfir@m normal accidents to high reliabilitgyst Dyn Rev.
2006;22(3):27. DOI: 10.1002/sdr.338.

[5] Chen F, Liu LL. Research on safety servicesabdity model for ATC service in ATM division. Engy
Procedia. 2012;17(1):1369-75. DOI: 10.1016/j.egy302.02.254.

[6] Forrester JW. System dynamics, systems thinkamgl soft OR. Syst Dyn Rev. 1994;10(2-3):245-561:D
10.1002/sdr.4260100211.

[7] Forrester JW. System dynamics - a personal viefv the first fifty years. Syst Dyn Rev.
2007;23(23):345-58. DOI: 10.1002/sdr.382.

[8] Bouloiz H, Garbolino E, Tkiouat M, Guarnieri R.system dynamics model for behavioral analysisadéty
conditions in a chemical storage unit. Safety 3@13;58:32-40. DOI: 10.1016/j.ssci.2013.02.013.

[9] Han SU, Saba F, Lee SH, Y Mohamed, Pefia-MorBolard an understanding of the impact of productio
pressure on safety performance in construction abjpes. Accid Anal Prev. 2014;68(1):106-16. DOI:
10.1016/j.aap.2013.10.007.

[10] Vafa-Arani H, Jahani S, Dashti H, Heydari Jod#en S. A system dynamics modeling for urban air
pollution: A case study of Tehran, Iran. TranspstaRes Part D: Transport Environ. 2014;31(31)381-
DOI: 10.1016/j.trd.2014.05.016.

[11] Yao H, Shen L, Tan Y, Hao J. Simulating thepauts of the policy scenarios on the sustainability
performance of infrastructure projects. Automat  &€on  2011;20(8):1060-9. DOI:
10.1016/j.autcon.2011.04.007.

[12] Shin M, Lee HS, Park M, Moon M, Han S. A systdynamics approach for modeling construction warke
safety attitudes and behaviors. Accid Anal Prei4268(2):95-105. DOI: 10.1016/j.aap.2013.09.019.

[13] Suryani E, Chou SY, Hartono R, Chen CH. Demandnario analysis and planned capacity expansion:
A system dynamics framework. Simul Modelling Preeti Theory. 2010;18(6):732-51. DOI:
10.1016/j.simpat.2010.01.013.

[14] Lyneis JM. System dynamics for market forewmsaind structural analysis. Syst Dyn Rev. 200@18¢25.
DOI: 10.1002/(sici)1099-1727(200021)16:1<3::aid18&8>3.0.c0;2-5.

[15] Peter S. The fifth disciplinélhe United States: Random House Audio; 1999. |ISBN0553456349.

[16] Sama M, D’Ariano A, D’Ariano P, Pacciarelli BDDptimal aircraft scheduling and routing at a terahi
control area during disturbances. Transportatiors Rart C: Emer Technol. 2014;47:61-85. DOI:
10.1016/j.trc.2014.08.005.



11€ Fang Chen, Xi Chen and Xinjian Zhang

[17] Loft S, Sanderson P, Neal A, Mooij M. Modelirand predicting mental workload in en route aiffica
control: critical review and broader implicationsHum Factors. 2007;49(3):376-99. DOI:
10.1518/001872007x197017.

[18] Pandey MM, Shukla D, Graham A. Evaluating theman performance factors of air traffic control in
Thailand using Fuzzy Multi Criteria Decision Makingethod. J Air Transp Manage. 2019;8:101708. DOI:
10.1016/j.jairtraman.2019.101708.

[19] Mearns K, Kirwan B, Reader TW, Jackson J, kehnR, Gordon R. Development of a methodology for
understanding and enhancing safety culture in Aaffic Management. Safety Sci. 2013;53:123-33. DOI:
10.1016/j.ss¢i.2012.09.001.

[20] Chang YH, Yeh CH. Human performance interfaresir traffic control. Appl Ergon. 2010;41(1):1-23
DOI: 10.1016/j.apergo.2009.06.002.

[21] Subotic B, Ochieng WY, Straeter O. Recovepnfrequipment failures in ATC: Determination of aaxitial
factors. Reliab Eng Syst Saf. 2007;92(7):85880): 10.1016/j.ress.2006.04.023.

[22] Ali BS, Majumdar A, Ochieng WY, Schuster W, i@ TK. A causal factors analysis of aircraft iraids
due to radar limitations: The Norway case studyAid Transp Manage. 2015;44-45:103-9. DOI:
10.1016/j.jairtraman.2015.03.004.

[23] Sterman JD. Systems simulation. Expectatioaméion in behavioral simulation models. Syst Rehd/
Sci. 1987;32(3):190-21DOI: 10.1002/bs.3830320304.



