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A B S T R A C T

The associated research work to be presented will address issues of modelling efficiency and therefore develop 
insights into the nature and principles of how ATM networks are constructed and how they can be more 
effectively designed, by using the operational performance nature that becomes evident through the modelling. 
In general, the paper will present how the simulation tool a) models the network, b) implements the optimisation 
technic, and c) validates the approach. Consequently, this provides the platform that is then used for two real 
ATM networks, in both China and Europe as two selected case studies, in order to provide results. At a more 
fundamental abstract level, such a network is a complex system, or system-of-systems that is transdisciplinary in 
nature. The inherent design parameters (1) are different and diverse in nature, including aircraft, airports, and 
routes; the operational parameters and variables (2) are multicriteria in nature, and diverse in units and type; 
and causes-of-change (3) are disruptive at a mono, inter, and trans-disciplinary levels to effect multi-attribute 
characteristics and performance metrics that attempt to capture the impact on the network system functioning 
as designed and planned, which are integrated in a systematic network simulation application Consequently, the 
authors intend to use the application related to ATM network performance in order to understand at a more 
fundamental level elements of transdisciplinary science and transdisciplinary performance both in terms of 
optimal level (capacity) and robustness (performance reduction and recovery).

1. Introduction

This paper presents an Air Traffic Management (ATM) simulation 
tool [1] developed under the paradigm of Industrial Information Inte
gration (III) [2,3], which a) models a representative ATM network [4,5], 
b) implements a simulation technique that aims to improve the under
standing and performance of the network [6–8], and c) validates the 
approach by investigating the ability to capture the transdisciplinary 
nature [9,10] of the network and its response to system-level in
teractions and interventions through integrated information analysis. As 
a practical application platform of III, the network simulation provides a 
platform that is applied to a realistic Chinese ATM network, generating 
realistic results and conducting fundamentally transdisciplinary analysis 
by unifying multi-source operational data and cross-domain industrial 
information. This simulation tool innovatively integrates trans
disciplinary models and the III paradigm, supporting multi-objective 

outputs that are hard to be achieved by analogous aviation tools.
At a more fundamental level and an ATM network is a complex in

dustrial system, or System-of-Systems (SoS) that is highly trans
disciplinary in nature. The inherent design parameters (1) are 
heterogeneous in nature, including aircraft, airports, and the ATM 
routes and are digitally mapped through III’s physical resource inte
gration; the operational parameters and variables (2) are multi- 
dimensional and multicriteria in nature (and diverse in units and type, 
which are standardized via III’s data integration mechanism; and the 
causes of change); (3) are disruptive at a mono, inter, and trans
disciplinary level to effect multi-attribute characteristics and perfor
mance metrics that attempt to capture the impact on the network system 
functioning as designed and planned. Consequently, this trans
disciplinary nature will be reviewed in the light of current theories and 
principles of Transdisciplinary Engineering, with III acting as the tech
nical carrier for the verification of such theories addressing robustness 
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and resilience.

2. Network information integration

2.1. Network components

Fig. 1 presents a simple example of an ATM network and its adap
tation for simulation. Firstly, the solid lines and nodes demonstrate the 
connectivity of an ATM network, whether established or evolving. 
Nodes represent airports and waypoints (interim connecting points). 
They have the function of generating and receiving traffic flow and 
transferring traffic flow. Segments are used to describe an ‘air route’, 
which links nodes together to form the network’s connectivity. The 
flight movements will transfer ‘through’ these segments (shown by the 
red arrows in Fig. 1b). These modelling characteristics collectively form 
the fundamental components that construct an ATM network simulation 
to model the system dynamics and inherent transdisciplinary nature of 
such a complex system with design and operational elements given by 
the airline, airport and ATM infrastructures, their software and hard
ware technology platforms, and the air transportation providers that 
provide operational service to the passenger customers and wider 
business, community and indeed economies associated with them [4–7].

There are capacity units that are distributed to all the sectors in the 
network and so Fig. 1b highlights one flight moving from one sector S1 
to another sector S2. The sectors are mapped by the sector nodes and 
sector borders. When a flight crosses the sector border between S1 and 
S2, the capacity units in S1 will have one more unit available, while S2 
will have one less.

Another constraint to consider is the capacity of the airport which 
will have limitations in generating and receiving flights while sinks do 
not and have unlimited capacity due to the fact that they are not 
participating in the operation of the network but help generate it. Here 
the capacity unit is defined as a unit that quantifies the ability of the 
nodes or sectors when they are operating the flights in the network. One 
capacity unit in one node or sector suggests that the node or sector is 
able to operate one flight for a particular time step. Since the simulation 
of the capacity unit is not the main objective of this study, the capacity 
unit model is adapted from empirical data and other works [10,11]. 
There are various factors that have an impact on the capacity of the 
nodes or sectors, but in order to simplify the model, the capacity dis
tribution only uses the quantification of capacity units to demonstrate 
this performance and test that the capacity units are equally distributed 
to the nodes or sectors.

2.2. Flight components

Table 1 presents the information parameters that characterize any 

instance of a flight, for example, relative to a particular flight’s Airport’s 
Origin ‘O’ and Destination ‘D’. The aircraft traffic flow in Fig. 2(red path) 
that equates to flights in an ATM network inherits this formalized flight 
information (as described in Table 1). Fig. 1a also shows how a flight 
travels from its origin to destination when considering the movement 
from ‘circle to circle’ or airport to airport. As Fig. 2 shows, the flight will 
have its OD (Origin and Destination) pairing, STD (Scheduled Time of 
Departure), STA (Scheduled Time of Arrival), ATD (Actual Time of De
parture), ATA (Actual Time of Arrival) and CAC (Code of Aircraft). 
Subsequent to a flight being generated, the model also generates the 
associated flight path, shown as the segments with arrows in Fig. 1a, 
where a flight path is a sequence of air routes that the aircraft will fly. 
The routing algorithm used to generate the flight path in the simulation 
is the Floyd-Warshall shortest path strategy [10]. To meet different re
quirements of the simulation, the flight generation process is varied; for 
simple tests, the flight is randomly generated by a demand data roulette 
(highlighted subsequently through Fig. 3), while the specific case study 
of the Chinese market presented herein uses generated fixed-schedule 
and true-schedule forms of real air traffic. Additionally, after obtain
ing the flight path, the distance to the destination can be calculated and 
all flights have a “distance” feature to locate them as they change ac
cording to time; also, the flight may be cancelled or detour in case of 
disruption.

2.3. Flying rules

The flying rules in the network determine how the simulation rep
resents the flight operations in the ATM network using a number of 
guiding rules.

2.3.1. Generation rules
Based on the flight demand, the flights in the network will be 

generated according to a roulette of each OD (Origin and Destination) 

Fig. 1. a) Network model and b) Sector capacity model.

Table 1 
Flight features.

Category Term Notation

Airport Origin O
​ Destination D
Time Scheduled Time of Departure STD
​ Scheduled Time of Arrival STA
​ Actual Time of Departure ATD
​ Actual Time of Arrival ATA
Aircraft Code of Aircraft CAC
Path Flight Path FP(O, W...W, D)
Distance Distance Dis
Cancel Cancel CT(ure)/CF(alse)
Detour Detour DT(ure)/DF(alse)
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pairing (shown in Fig. 3). In Fig. 3, each OD pair has a proportion of the 
demand from this OD pair to the demand of the entire network. Here, the 
simulator generates a random number and uses the roulette to determine 
the OD pair for the flights. As highlighted in Fig. 1, each flight must take 
off from one airport and land in another Airport. After determining the 
OD of a flight, its flight path can be generated, where the basic routing 
strategy is to assume the shortest path strategy, using the aforemen
tioned Floyd-Warshall algorithm [10]. The algorithm is able to generate 
all of the shortest paths between all OD pairings and therefore, the 
scheduled flight time can be derived by calculating the air route length 
from the combined flight path segments.

2.3.2. Forwarding rules
The network operation will in principle follow the first-come, first- 

served rule. However, in certain situations there could be more flights 
reaching a waypoint at the same time. The forwarding will be according 
to the ATD of the flight. In Fig. 4, one flight Flight 1(blue) would take off 
at time t1 and have OD pair (O1, D1), and Flight 2(purple) will take off at 
t2 and have the OD pair (O2, D2), while Flight 3(green) will take off at t3 
and have the OD pair (O3, D3), where t1<t2<t3. Flight 3 will ‘be 
approaching’ a waypoint and if the capacity at this waypoint (CW) is 
larger than 1, at the next time step, e.g. t7, Flight 3 will pass through it. 
However, if the waypoint does not allow the flight to pass, Flight 2 may 
want to cross the waypoint at the same time and the waypoint capacity 
(CW) is not sufficient due to Flight 1 passing through, the last generated 

flights Flight 2 and 3 will have to wait or change flight path.

2.3.3. Crisis rules
Disruptions will occur in any ATM network and it is highly mean

ingful to model such emergent behavior using the simulation presented 
here. Essentially, such a transdisciplinary model can be used to generate 
the emergent behavior of complex systems as this can be very disruptive 
and influential to the robustness and resilience of a system as it recovers 
from disruptions. If a disruption occurs at an airport, then arriving 
flights will choose the nearest airport to land at in order to resolve their 
flight allocation dilemma, as airport capacity utilization is considered in 
the simulation. Similarly, if a disruption occurs at a waypoint, then a 
new pathway or flight route will be calculated according to the shortest 
path rule to accommodate the rerouting to the new destination.

In the real world, canceling flights or changing flight destinations is 
not simple to model; the ATM, airport and airline Companies must reach 
an agreement. Furthermore, there is no clear standard for flight 
cancellation or destination changes. We can always see flights delayed 
for >10 h without being canceled. However, this simulation tool only 
simulates one full operational day, covering 24 h plus an additional 6 h 
for simulator warm-up time.

To simplify the model, a cancellation standard (CCST) and a desti
nation change standard (CHST) are defined. Since weather is unpre
dictable, flights will only have real-time weather information during the 
simulation. If a disruption occurs, flights will not know when it will end. 
Fig. 5 illustrates cancelled flights and flights with changed destinations. 
For a newly generated flight, if the origin is blocked, the flight will wait 
until the area reopens and these flights will be waiting in a queue. When 
the area reopens, the origin area will dispatch new flights first. If there 
are still capacity units, the waiting flights will depart. Next, those flights 
that are delayed exceeding the CCST (min) will be canceled. In this 
simulator, considering the simulation time of traffic is one day, CCST is 
shorter than real-life scenarios, therefore 180 min is used to facilitate 
programming. Flights that fail to land fall into two scenarios: one is that 
the destination is blocked; the other is that the destination does not have 
enough capacity. Those flights encountering destination blockages will 
be rerouted directly to another airport, and those lacking sufficient ca
pacity will calculate their estimated arrival time. If the delay is greater 
than the CHST (min), such flights will be rerouted to another airport. 
According to CAAC, the waiting time is a maximum 40 min [12].

3. Network evaluation and optimization

3.1. Evaluation simulation process

In Fig. 6, the overview of the simulator functioning is illustrated. To 

Fig. 2. Flight components.

Fig. 3. Random roulette.
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meet various requirements, the information can be related to synthetic 
networks and artificial networks, or real mirrored models that are very 
difficult to define and represent properly in models due to their inherent 
complexity and the challenge of modelling the manner factors that may 
or may not be influential (and at a similar level of fidelity). There are two 
ways to generate networks, where for synthetic networks, the real 
schedule information will be used as profile so that a fixed schedule of 
flights can be generated to keep the simulator close to reality, while for 
artificial networks, the flights are only used for demonstration. There
fore, a partial random generation method can be used for the network 
generation and the flights that fly in the network. It can also generate the 

required traffic flow, with the operation of the flights being recorded 
and used for analysis of the system behavior relative to improvements or 
robustness, which the authors define as a function of performance loss, 
and resilience, being a function of the time-based recovery from the loss 
of performance due to a disruptive event [13].

3.2. Optimization simulation process

3.2.1. Optimization algorithm
The simulation tool is based on Simulation Annealing Algorithm (see 

Fig. 7) [14]. As the results from SA could drop into a local optimal, there 

Fig. 4. Flights forwarding.

Fig. 5. Judgment process of a) Cancelling and b) Changing flight.
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is Metropolis algorithm, which helps to judge if a worse solution will be 
accepted. For the temperature schedule, as it is to control the simulation 
process, a stopping criterion is needed, which is the Tmin in the cooling 
process. 

T(t) =
T0

lg(1 + t)
(3.1) 

In this thesis, the metrics are noted as: tp0 for the starting tempera
ture, tpmin for the minimum temperature, which is the stopping criteria. 
The temperature of iteration i is tpi. Then we can have the temperature 
schedule: 

tpi+1 = tpi
/(

1+ iΔobji
)
. (3.2) 

Δobji is the difference between the objective value and the optimal 
objective value until i iteration.

In the real networks, tp0 is the same value, and tpmin is used to end 
the iteration. Therefore, Δobji in the simulating process could result into 
different numbers of iterations of the optimization in different networks. 
It is easy to see that if the absolute value of Δobji is smaller, the tem
perature will be slowly reduced. This means smaller difference between 
iterations will result into more iterations to finish the SA process.

The Metropolis rule for the acceptance of the worst solution, the 
probability P(ΔE) is used. 

P(ΔE) = exp (− ΔE / kBT) (3.3) 

Temperature (see Fig. 8), which is a parameter to control the itera
tion times, is reducing gradually, and when reaching the terminal con
dition, i.e. the minimum temperature, the SA process will stop. Choosing 
different starting temperature and minimum temperature, the number 

of iterations can be controlled. In this case, after 6 iterations, the process 
reached an end, and the entire simulation cost 45 s.

The converging process is clear in Fig. 8. The vertical axis is the 
objective that normalized. The blue line is the results of Obj for the 
current iteration and the red line is for the saved optimal Obj from the 
start to the current iteration. It can be seen that the simulator can obtain 
better results gradually and has the ability to jump from poor solution 
areas and go back to an optimal solution area in 23 iterations, as the 
temperature schedule controlled it.

3.2.2. Optimization objectives
The objective functions in the simulation are performance of the air 

traffic network. The number of flights that successfully arrived and the 
delay that the flights have are main objectives. For the convenience of 
simulation and demonstration, the objective functions will be normal
ized. Thus, the results from the simulation will be in the range of (0,1]. 
To find a relative better solution from the optimization process, the two 
objectives will be weighted and combine into one objective. In this 
model, the performances of network can be defined as objectives for 
evaluating. Objective 1 (Obj1) is 

EC = FlightSum/FlightScheduled (3.4) 

where FlightArrived is the total number of flights that have been operated 
in the network, and Flight Scheduled is the total number of fights that 
have been allocated to the network and should be landed; Objective 2 
(Obj2) is a function of network delay, 

QN =
∑T

t=0
(1 − Delay(t) /DelayMAX). (3.5) 

Fig. 6. Overview of the simulator steps in network.
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where Delay(t) is the average delay of flight departure at time t, and 
DelayMAX is the maximum delay that one flight can have; Objective 1 
(Obj1) and Objective 2 (Obj2) are used to show multi-objective perfor
mance of the model and both would be the larger the better. (w1, w2) is 
used for the different weight combinations of the two objectives. 
Therefore, the objective has 

ObjMulti = w1 × Obj1 + w2 × Obj2,wherew1 + w2 = 1. (3.6) 

3.3. Networks

The process for generating the network shown in Fig. 1a) provides 
the framework for the simulation process (see Fig. 6) to then oper
ationalize the intent and function of the network using the random 
roulette algorithm method (see Fig. 3) to populate the simulation for 
scenario generation. For the Chinese network presented here this is 
actually a sort of synthetic network in that the network provides veri
fication results for a realistic simulated reality at a given scale of an ATM 
network. This is a very important point as it is so difficult to capture the 
behavior of a highly complex network as the measurement and data are 
not available or at best only at a generalized level. This behavioral 
analysis is the goal of the ATM network analysis presented and can be 
used relative to an ATM network design that is an evolution of the 
addition of airports that can be adapted and evolved to improve 

capacity, robustness and resilience.
The Chinese ATM network is shown in terms of sectors in Fig. 9a, so 

this ‘synthetic Chinese network’ is made up of the actual 150 airports 
that are taken from the real network (see Fig. 9b). As China is a very 
large country, there are a lot of national flights that need to be accom
modated relative to the ratio that is normal in Europe for international 
flights, and many of the airports are not international and only 51 air
ports out of the 150 airports have international flights. According to the 
traffic demand, those 150 airports can also be managed in various ways 
and in order to accommodate the huge capacity differences, from 
10–2000 flight operations per day, historical traffic data is used to 
categorize the airports into 3 categories, noted as CATE1, CATE2 and 
CATE3. CATE1 represent the 10 busiest airports in China, such as Beijing 
Capital International Airport (ZBAA), while there are 27 airports in 
CATE2, and further 113 smaller airports in CATE3. There are 953 
waypoints in the synthetic Chinese network and four sinks are used to 
simulate the four global directions that represent the international air
ports that are connected within the network. This results in 1722 air 
tracks or flight paths shown in the network plot in Fig. 9b.

A smaller scaled network (see Fig. 9c) can of course also be used to 
improve computing time and enhance the usability of the simulation 
capability to run scenarios. In the results presented subsequently, 
Network T (see Table 2) has 23 airports, with 6 international airports 
that can generate international flights, and according to the traffic 

Fig. 7. SA process.
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demand, 23 airports have 1 CATE1 airport, 5 CATE2 airports, and 17 
CATE3 airports. The scaled-down network, Network T, has 150 way
points and 280 air tracks that connect all the nodes together, with 18 
sector nodes and 21 sector borders that divide the synthetic Chinese 

network into 5 sectors. All properties of the networks used in the work 
are summarized in Table 2.

Fig. 8. Temperature schedule of SA process (up) in test network and the converging process (down).

Fig. 9. The Chinese geographical network and associated ATM network simulation flights.
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4. Verification

The network simulation provides the platform that is applied to a 
realistic Chinese ATM network, in providing realistic results and per
forming analysis that is fundamentally transdisciplinary in nature. This 
simulation process could provide a guided reference for newly planned 
networks and, of course, improve existing ones.

4.1. Programming verification

4.1.1. Simulation stability using random number
In Fig. 10, there are three independent simulation results showing 

the traffic flow changes along with the time step using different seeds. 
The x-axis is the simulation time and the y-axis is the normalized per
formance of the network. Seed for generating flights is the only differ
ence in these three simulation processes. For a non-selected seed 
simulation, the program does not select a specific seed for the random 
number generation. For selected seed, the seed is manually selected. For 
a time seed, the seed is dependent on the system time, which means it 
will change along with the calculation time. Overall they are showing 
very similar results. This indicates that the simulator is very stable with 
different seeds and can always give stable results.

4.1.2. Different network scenarios
There are 4 features of a disruption, location, start time, length and 

the loss of capacity. To test the stability, 5 tests (Sta.Test in Table 3) are 

selected: Test 1 is for no disruption, and Test 2 to Test 5 have different 
characteristics of disruption, and the simulator selects these character
istics of disruption randomly. For example, Sta.Test 2 is a disruption that 
occurs in Sector 2, starts at midnight, lasts for 3 h and is associated with 
a loss of 20% capacity. The simulator runs each stability test 30 times 
and the results of each test are based on the same network but different 
seeds. In Table 3, the deviations of the 30 runs of each test are listed. 
Obj1 and Obj2 are the objectives of the simulation. They are normalized 
and represent the delay of the network and the flights served compared 
with the schedule. For Obj1, the deviations are mostly <0.01, and, for 
Obj2, the deviations are <0.02. This verifies that the simulator can al
ways give stable results.

4.2. Network verification

4.2.1. Traffic phase transition
According to the relationship between capacity and delay, capacity 

can be divided into actual capacity (also known as operating capacity) 
and maximum capacity (also known as the saturation capacity or ca
pacity limit). (see Fig. 11) [15].

In the synthetic Chinese network, we define the transition capacity of 
every waypoint as Cw=8, and assume that the capacity at every airport 
is Ca=1 to simplify the network. The generation rate of the network is 
λM (flight/time step, M is the number of airports), which corresponds to 
20, 66 and 80. Then, the flights number (y-axis) in the network will 
change as time goes by. (see Fig. 12)

When λM ≤ 66, the flights number will reach a limit and stabilize, 
and this means the network is fully functional and there is no congestion. 
But whenλM > 66, flights start to accumulate and this trend won’t stop, 
which means the network is congested. Then 66 is the phase transition 

Table 2 
Network characteristics.

Features Synthetic Chinese 
Network

Synthetic Chinese Network.t 
(Network T)

Airports CATE1 10 1
CATE2 27 5
CATE3 113 17
International 51 6

Waypoints 953 150
Sinks 4 4
Air tracks 1722 280
Sectors 29 5
Sector nodes 93 18
Sector border 120 21

Fig. 10. Results with different seed for random number.

Table 3 
Different scenarios and deviation of objectives.

Sta. 
Test

Location Start Length Capacity 
loss

Deviation of 
Obj1

Deviation of 
Obj2

1 NA NA NA NA 0.00048 0.01559
2 2 0 3 20% 0.00822 0.00349
3 4 1 2 20% 0.01047 0.01800
4 4 6 3 50% 0.00773 0.01614
5 3 15 3 20% 0.00980 0.01471
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point and from Fig. 11, it is the actual capacity of the network.
An order parameter η is presented to observe the phase transition of 

the network. It is referenced from communication networks and utilized 
to facilitate computations for ATM networks [16]. 

η(p) = lim
t→∞

1
pS

〈ΔN〉

Δt
(4.1) 

N refers to the total number of information packets the unit travels in the 
communication network that is used in reference), which is flights 
number in ATM network, and S is the size of the system, which is the sum 
number of nodes. p is the probability of packet generation per node and 
time-step, which is the probability of the generation at an airport in one 
time-step. The power spectrum of the total number of packets is ΔN, and 
ΔN = N(t + Δt) − N(t). “< >” is the average over the time period Δt. 
Therefore, by observing the parameter, if the generation reaches a limit, 

the network will have congestion and the parameter will be larger than 
0, otherwise, it will be <0, which means the network won’t have any 
congestion. Thus, from Fig. 13, λC is the phase transition point and we 
can find it by formula (4.1).

4.2.2. Theoretical capacity verification
Adapting the order parameter, using ATM network metrics, an order 

parameter for the ATM network is created: 

η(λ) = lim
t→∞

C
λM

〈ΔNλ〉

Δt
. (4.2) 

C is the maximum capacity of a node, which means the maximum 
number of flights that a node could operate simultaneously. λ is the 
probability of a node to generate flight, and M is the number of airports 
in the network. λM the number of flights that are generated per time- 

Fig. 11. Relationship between actual capacity and maximum capacity.

Fig. 12. Number of flights in the network.
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unit.
When t→∞, if the network is not congested, i.e. all the flights 

generated have been operated effectively, the capacity of the network is 
equal to or larger than λ, therefore 〈ΔNλ〉 = 0 and η = 0. Otherwise, i.e. 
not all the flights generated have been operated effectively, the capacity 
of the network is smaller than λ, and the network is going to remain 
congested during Δt. Moreover, the flights would keep accumulating in 
the network. In this situation, 〈ΔNλ〉 ∕= 0 and η ∕= 0. Then the capacity of 
the network is 

λCM = max{λM|η(λ)→0}. (4.3) 

Table 4 gives the metrics that are going to be used in the derivation of 
the reference λC [17]. Using the metrics in Table 4, the theoretical ca
pacity can be found. The total betweenness of the network is 

∑P
j=1 Bj =

2
∑

j>1D(i, j).
The average shortest path is D = 2

M(M− 1)
∑

j>1D(i, j).

Average flights receiving at node LMAX is Qin = λcMDBLMAX /
∑P

i=1 Bi, 
and transferring Qout = CLMAX . The condition of congestion occurs is 
Qin ≥ Qout . Thus, 

λcMDBLMAX

/
∑P

i=1
Bi = CLMAX . (4.4) 

From (4) and (5), 
∑P

j=1 Bj = M(M − 1)D, therefore the theoretical 
capacity is 

λc = CLMAX (M − 1)/BLMAX . (4.5) 

Using the synthetic Chinese network and defining the capacity of 
every waypoint and that of every airport are the same the phase 

transition point λC is illustrated in Fig. 14, and marked as blue points in 
Fig. 15, while the red values are theoretical ones from (5). It is obvious 
that these two values are nearly the same, showing the simulator obeys 
the basic network theory rules.

4.3. Optimization verification

4.3.1. Capacity units’ allocation
In Fig. 16, red nodes are the nodes in the network, and the size of 

each dot indicates its number of connections. The greyscale value in
dicates the number of flights congested at the node. In Fig. 16a, the 
network is congested at first. In Fig. 16b, after shifting some capacity 
units to the congested node, the greyscale color is lighter, which means 
the congestion at node is reduced.

5. Typical results

In terms of the resulting performance achieved from the simulation 
for the network a first achievement is that it indeed works for different 
input conditions and responds in a calibrated manner. Interestingly, it 
was also found that the optimal result for a certain set of conditions was 
not necessarily true for a different set of conditions, in terms of how to 
manage that, or alternatively, it was found that the management of 
sector capacity for a small disruption was not equally true for a large 
disruption. This is perhaps an intuitive result but still interesting and is 
being investigated in the ongoing use of the network simulation to un
derstand why and also to what degree these factors interact.

5.1. Case study

In a further simplification of the experimental setup for the purpose 
of this paper, the conditions of the disruption testing were all limited to 
Sector 20 (a busy sector containing Beijing airport). All disruption 
lengths were set to three hours and the optimization processes all started 
from the same capacity allocation, which contained the same total 
amount of capacity units at 2800, and only the capacity loss differed for 
each test. Allocations of capacity units were generated according to 
varying scenarios under investigation, as shown in the rows in Table 5. 
For example, Row 3 shows that for this situation, a sector is blocked with 
a capacity loss of 100%. The flights served in the network can be 
compared to the flights without disruption, where Row 1 is the 

Fig. 13. Phase transition curve.

Table 4 
Metric list.

Metric Definition

D Average shortest path of the network (by time-step)
D(i, j) Distance between two nodes (i, j) (by time-step)
Bi The betweenness at node i(Betweenness is the number of shortest paths that 

use the node.)
Lmax The node has the largest betweenness
Q Flights’ quantity (Qin is for that enter the node and Qout is for that leave the 

node.)
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reference, and comparing Row 2 and Row 6 for example, shows that the 
optimization can provide optimal allocation for more flights to be 
serviced during a disruption. Row 3 and Row 5 show that the optimi
zation process can be controlled and designed in terms of the objective 
function for different types of disruption.

To understand the impact of the disruption to a single flight, two 
flights are selected to demonstrate the canceling and changing proced
ure, shown in Fig. 18 and Fig. 17.

In Fig. 18, the disruption occurred in Sector 2, and it blocked the 
sector for 180 time units (180 min). The flight was planned to fly from 8 
to 0 at the time948. However, destination 0 is in Sector 2 and it was 
already blocked. The flight would stay at the origin 8, and wait until the 
area opens again. Since the simulator will serve the flights that were 
generated earlier, which means those flights that have smaller STDs will 
have priority in a queue, this one had to wait until at time 1129 to meet 
the canceling standard CCST (180 min). In this way, the flight was 
eventually cancelled at the beginning.

In Fig. 17, the disruption occurred in Sector 2, and blocked the sector 
for 60 time units (60 min). The flight set off before the sector was 
blocked. When the disruption occurred, the flight was flying. It kept 
flying to a waypoint and tried to find another airport to wait for another 
departure. A new destination, airport 1 was found. The flight landed 
there and waited for the area to open. Then, the flight joined the waiting 
queue at airport 1, and in the simulator, another flight was generated. Its 
origin was 1 and destination is 0.

With these two flights, the functions of canceling flights and 
changing flight worked well. The simulator successfully generated flight 
information and tracks the flight in the network. In addition, the features 
of disruptions had different impacts on the network. For these two 
flights, they have the same (O, D), but one will be cancelled, while the 
other one can split into two stages to make it to its destination.

Fig. 14. Phase transition of different Cw.

Fig. 15. Theoretical λC and simulation λC.
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5.2. Influence of different weights

The simulator will produce objectives (see Section 3.2.2) to evaluate 
the solutions. Fig. 20 are the results of multi-objective evaluation for the 
network from a number of parallel optimization experiments. It shows 
the trend of how the objective are getting better and the difference be
tween weights where w stands for w1, then w2=1-w1. As both objectives 

are normalized, their values only range from 0 to 1 and do not have 
units. The X-axis is the value of Obj1, and the Y-axis is the value of Obj2. 
Different shapes and colors stand for different weights of the objectives. 
Blue diamond results are those that have w1=0.7 and w2 =0.3. In this 
case, the simulation prefers solutions prioritizing more flights over 
lower delay. Red square results are those that have w1=0.3 and w2 =0.7, 
and solutions tend to have less delay rather than more flights delivered. 
Green triangle results are those that have w1= w2 =0.5, which means 
the simulation will find a balance between delivery and delay. There are 
three values of w1 selected. Obj1 and Obj2 show a positive correlation. 
This provides confidence that the simulation provides solutions that 
have high performance when facing disruptions. But notice in the left 
corner, there are more red dots. It indicates that, if the user of the 
simulator wants less delay, then there is a chance of getting a worse 
result.

Then the simulator can use different combinations of objective 
functions, and the outcome of the large synthetic network results are 
plotted according to that shown to the left in Fig. 20 for the range of five 
alternative scenarios investigated for the network optimization in 
Table 7, which are Reference Case, (0,1), (0.3, 0.7), (0.5, 0.5), (0.7, 0.3) 
and (1,0). In the five scenarios (scenarios 2–6), the weight of Obj1 is 
gradually increasing, while the weight of Obj2 is gradually decreasing. 
There are 50 data points plotted in Fig. 20 and each represents one 
multi-objective function combination that is generated from one itera
tion in a ‘simulated annealing’ optimization implementation for each 

Fig. 16. a) Congestion at node before enhancing capacity b) Congestion at node after enhancing capacity.

Table 5 
Network capacity performance impact relative to flight number.

Generation from 
Need

Disruption 
Added

Total Flights 
Served

Flights Served 
100%

1 Origin No 14,731 100%
2 Capacity loss 

100%
Capacity loss 
100%

10,384 70%

3 Capacity loss 
100%

Capacity loss 
50%

11,650 79%

4 Capacity loss 50% Capacity loss 
50%

11,795 80%

5 Capacity loss 50% Capacity loss 
100%

10,027 68%

6 Origin Capacity loss 
100%

9638 65%

7 Origin Capacity loss 
50%

9857 67%

Fig. 17. Time evolution of flight detouring.
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combination shown.
As mentioned previously, scenarios 1–5 are the optimal solutions 

found for the multi-objective function combinations of: (0,1), (0.3, 0.7), 
(0.5, 0.5), (0.7, 0.3) and (1,0). There is also introduced a solution that 
allows the network freely to deliver all the flights, but it does not have 
any optimization process. This solution is noted as the Reference Case 
(see Table 6). For scenarios 2 and 3, no sector has more capacity units 
than Reference Case and in 1, 4 and 5, only a few sectors have more 
capacity units than the Reference Case. Table 6 shows the capacity unit 
usage for all optimal solutions under different weight combinations and 
the optimal solutions all have fewer capacity units than the Reference 
Case, where the total number of capacity units was 3218. It can be seen 
that the number used in the network is gradually increasing from 2971 
to 3048, from the scenarios (0,1) to (1,0). Secondly, there is a evident 
trend that shows that when Obj1 has a higher weighting, i.e. larger than 
the Reference Case w1, it is likely to have more capacity units allocated 
in the network (although not exactly following this rule). Finally, the 
average reduction is 7% for the sum capacity units used in origin ca
pacity allocation.

Table 7 lists the data of all the sectors in the Synthetic Chinese 
Network. In this table, the Average column presents each sector’s overall 
capacity relative to the Reference Case across the five optimal solutions 
corresponding to different (w1, w2) combinations. The column “Number 
of Scenarios ≥95%” means that the sector has >95% capacity units of 
Reference Case in different (w1, w2) scenarios. As there are five com
binations of (w1, w2), which are listed in Table 6, apparently, this value 
cannot be more than five. Using 95% here is because those sectors with 
values over 100% (Sector 14, 25 and 28) do not show very clear con
clusions, and more sectors can help to demonstrate the rules in the 
simulation. Column ‘airports’ indicates the number of airports in this 
sector. Column ‘connections’ is the number of connections that the 
sector has. ‘Traffic’ is the number of flights crossing, generated and 
landing in the sector. Traffic per unit is traffic divided by the Reference 
Case capacity of the sector, which can be taken as the traffic load in the 
sector. For example, the average capacity in the five scenarios (1–5 in 

Table 6) of Sector 1 is 44% of the Reference Case, and none of the ca
pacity is equal or higher than 95% of the Reference Case. For example, 
for Sector 6, the average capacity of Scenarios 1–5 in Table 6 is 96% of 
Reference Case and four scenarios are using equal or higher than 95% 
capacity units of the Reference Case.

Sectors 6, 8, 13, 14, 15, 23 and 26 have average capacity greater than 
95%. Note that Sector 25 and 28 are not included, but Sector 26 is a 

Fig. 18. Time evolution of flight canceling.

Table 6 
The impact of different weights on objectives.

Scenario w1 w2 Capacity 
Sum

Capacity 
Difference

Reduced 
Units

Iterations of SA 
process

Iteration to 
Optimal

Obj1 Obj2 Obj Objective 
Enhancement

Reference 3218 0 0 0 0 0.91577 0.77957 ​ Obj1 Obj2 Obj
1 0 1 2971 − 247 8% 23.3 16.7 0.95670 0.79984 0.79984 4.5% 2.6% 2.6%
2 0.3 0.7 2962.25 − 255.75 8% 22.0 11.7 0.95657 0.79934 0.84651 4.5% 2.5% 3.2%
3 0.5 0.5 2971.5 − 246.5 8% 23.3 11.3 0.95574 0.79924 0.87749 4.4% 2.5% 3.5%
4 0.7 0.3 2993.75 − 224.25 7% 22.0 12.7 0.95761 0.79953 0.91018 4.6% 2.6% 4.0%
5 1 0 3048.25 − 169.75 5% 18.7 10.7 0.95760 0.79902 0.95760 4.6% 2.5% 4.6%

Table 7 
Sector performance in disruption.

Sector Average No. of Scenarios ≥95% Airports Connections Traffic

1 44% 0 2 36 10
2 83% 0 5 89 83
3 87% 0 8 139 225
4 76% 0 3 46 86
5 84% 0 3 71 401
6 96% 4 15 416 5402
7 93% 2 6 89 468
8 96% 4 8 275 3577
9 91% 0 2 34 239
10 94% 3 2 44 565
11 92% 1 2 61 559
12 79% 0 2 63 652
13 96% 3 6 124 1369
14 96% 4 6 110 286
15 97% 5 5 128 1270
16 93% 1 4 73 632
17 94% 2 5 87 581
18 92% 1 4 82 421
19 81% 0 4 42 157
20 92% 1 5 227 871
21 92% 1 3 62 248
22 91% 0 6 120 557
23 95% 3 11 224 1479
24 94% 2 13 164 773
25 94% 3 2 36 75
26 96% 4 7 213 351
27 94% 2 6 160 732
28 92% 2 5 52 59
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sector that located at the edge of the network. This suggests that when 
designing a better network structure, we should pay attention to the 
sectors at the edge of the map but only those are not enough. In more 
than three combinations of (w1, w2), they have >95% capacity of the 
Reference Case. Most of them have a larger number of airports. In Sector 
6, 8 and 23, they have airports of CATE1 (top 10 busiest airports in 
China). It can also be seen that these three sectors have the most traffic 
among all sectors in the network. In addition, they tend to have more 
connections. Sector 13, 14 and 15 are next to each other (see Fig. 19). 
Taking them together as one area, it is surrounded by Sector 6, 8, and 23. 
Sector 14 is in the center of Sector 6, 8, 13 and 15. Therefore, Sector 14, 
which should have more capacity, is the one linking these sectors 
together and should gain more attention.

From the traffic data in the sectors, Sector 6 (three top 10 busies 
airports) and 8 (two top 10 busiest airports) are much higher than 
others. Sector 23 (two top 10 busiest airports) are also operating a 
relatively large amount of traffic. These three sectors have seven out of 
ten busiest airports in China. They together form an area (together with 
Sectors 13, 14 and 15) that requires high capability to operate traffic.

For the design of an optimal network structure, regarding capacity 
allocation, the sectors that have high traffic demand should be taken 
into consideration. Meanwhile, the neighboring sectors with busy air
ports should also be focused on as those sectors’ capacity units are the 
main constraint to enhance the network performance. In addition, it also 
needs to be made aware that some of the sectors on the edge of the 
network can be increased to get better performance. With the help of the 
simulation tool, we can observe the traffic and the relationship between 
traffic and the capacity of the sectors. Thus, the distribution of capacity, 
which is the input resource for each sector, can be obtained as expected 
by using the weighted objective method.

6. Transdisciplinarity of ATM networks

The main aim of this paper was to present the ATM Network model/ 
simulation to illustrate dimensions, criteria related to 

Transdisciplinarity through the simulated metrics relating to Robustness 
and Resilience [18–21] as encapsulated by the framework presented in 
Fig. 21 [22].

In Table 8, the transdisciplinary process of the simulation tool that is 
presented in this paper is clearly explained.

The network simulation tool can be used in the ATM network context 
to verify the traffic flow performance and robustness and resilience 
relative to the network behavior and analysis understanding. Fig. 22
presents the understanding of the generic behavior of a system relative 
to robustness and resilience. The network will have a decrease of 

Fig. 19. Testing multi-objective results.

Fig. 20. Sector map.
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performance when facing an impact at t0 and theoretically fully recover 
at t1. The ATM network simulator can record all the changes and 
compare with the ultimate performance of the system relative to the 
drop in performance associated with the key performance indicators 
selected through the process presented in Fig. 21b. Thus, the objective 
function in Section 3.2.2 can be measured with a normalized metric that 
is associated with the three interconnected sustainability criteria for 

further analysis and transdisciplinary system understanding. Therefore, 
in terms of future work on this model, robustness and resilience will be 
used as the transdisciplinary system performance criteria of such an 
ATM network. The two proposed transdisciplinary criteria, robustness 
and resilience, represent the decline and restoration of the system’s 
performance as analytically quantified using the simulation model to 
provide system design metrics. The model is capable of tracing the 
impact from disruption to a network and therefore, these features and 
characteristic can be captured for further analysis, understanding and 
design purposes.

With reference to Fig. 21, the simulation maps the simulated outputs 
and transdisciplinarity as measurable analytical characteristics in 
Fig. 22. In Fig. 22, the simulation has 1440 time-steps, which indicate 24 
h for the simulated network when Sector 20 (see Fig. 19) is blocked. It 
can be seen there is a 15% decrease in performance which is in respect to 
delay and that the recovery time is relatively linear in returning back to 
the original level. The performance is the normalized indicator, and it 
ranges from 0 to 1. Sector 20 is blocked for 3 h in the simulation process. 
The figure shows how the performance drops and recovers quickly at 
first, and then linearly and the recovery time is approximately 3.5 h. The 
shaded triangle represents the loss of performance, which helps the 
analyst to understand the network behavior. In terms of performance, 
this represents the three transdisciplinary dimensions in Fig. 21b The 
environmental loss is being implied through the need for passengers 

Fig. 21. a) Principles of transdisciplinarity and b) Transdisciplinary process integration (Curran, 2024).

Table 8 
Implementation of the transdisciplinary process for ATM simulation (with 
reference to Fig. 21b).

Transdisciplinary 
Process

Air Traffic Network Simulation Tool Features

Step 
1

Stakeholder Planning Airline; Airports; Passengers; Regional/National 
Goal

Step 
2

Data Capture Real/Synthetic Network Data

Step 
3

System Design Network Modelling and Simulation Tool Setup

Step 
4

Scenario Simulation Simulation of fight operations, flow analysis and 
impact reaction

Step 
5

Robust Planning Robustness and Resilience of the Network

Step 
6

Life Cycle Learning Projection and Implication

Fig. 22. Simulation result of performance.
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who find a new solution to their travel problem and the associated in
efficiency and waste arising from the sector blockage. The trans
disciplinarity criteria of robustness Rbst and resilience Rsil can be 
analytically defined by the following metrics: 

Rbst =
P1 − P0

P0
(6.1) 

Rsil =
P2 − P1

P1

/
T2 − T0

T0
(6.2) 

Where T0 is the time at which the disruption occurs, T1 is the time at 
lowest performance and T2 is the time reach recovery or stability, while 
P0, P1 and P2 are the associated levels of performance.

In Table 9 C1 refers to the case displayed in Fig. 23 while C2 and C3 
highlight the impact of a shorter or longer time step for recovery and 
therefore increasing or decreasing resilience respectively. Cases C4 and 
C5 present the change in robustness if performance degradation is less of 
more respectively, leading to an increase and decrease in robustness 
respectively. In conclusion, these transdisciplinary metrics can be used 
in the analytical performance and characteristic of system performance, 
such as that for the ATM network application addressed in this paper.

7. Conclusion

7.1. Conclusion

Notably, this simulation is empowered by Industrial Information 
Integration (III)’s heterogeneous industrial resource integration capa
bility, which unifies discrete design parameters (aircraft, airports, ATM 
routes) into a digitalized transdisciplinary framework, aligning with the 
fundamental tenements of Transdisciplinary Process Integration 
(TPI)—this not only resolves the core pain point of fragmented data and 
incompatible domains in traditional ATM simulation but also verifies 
TPI’s practical applicability in complex industrial systems, forming a 
closed loop of "technology empowerment-theory verification-industrial 
application". Enabled by III’s data standardization and cross-domain 
information synergy, the tool effectively bridges the gap between 
domain-specific requirements (e.g., airline efficiency, airport capacity, 
air traffic safety) and system-level performance, which is a key added 
value that traditional simulators lack.

In terms of the realistic systems design of the Network and associated 
model: (1) Results from the optimization proved that the optimization 
works as expected, which means, the network structure from the optimal 
results will provide optimal performance in terms of realizing the ob
jectives. (2) The verification allows the simulator to produce stable and 
reliable results and also, provides support to find network structure that 
meets transdisciplinary user demands. In terms of the effectiveness of 
the simulation to capture the behavior of the network: (3) The simulator 
will provide solutions that meet the needs. i.e., let the objective of larger 
weight has better performance. (4) Sectors that have large traffic de
mand, sectors that adjacent to sectors with busy airports and sectors on 
the edge of the network may require more capacity units to have better 
performance.

In terms of verification, a three-tiered verification is presented in 
order to help confirm the simulator’s functionality and reliability, via 
transdisciplinary integration of aviation engineering, computer 

simulation, and optimization theory. (5) Programming Verification: The 
random number seed independence and consistent scenario results 
confirm the cross-disciplinarily integrated code’s reliability. (6) 
Network Verification: Integrating communication network traffic 
modeling and network dynamic analysis, phase transition behavior and 
single/multi-disruption tests validated traffic performance alignment 
with real-world rules. (7) Optimization Verification: Capacity adjust
ments meet the expected performance/traffic changes, and scenario- 
specific disruption solutions verify tailored optimal strategy generation.

In terms of results and the ultimate performance of the model: (8) It 
can be found that schedules of the real networks meet the need in real 
life and has the potential to allow users of the simulator change their 
demand when meeting different needs or crisis. This flexibility is sup
ported by III’s dynamic information integration, which adapts to 
transdisciplinary changes and validates the network’s transdisciplinary 
adaptability. (9) Each iteration takes similar time, which means the 
process is independent, i.e. the solution from the output suits all dis
ruptions that set in the simulator. This allows users to find a network 
structure that can handle the crisis or meet particular need. (10) For the 
distribution of capacity units, the total capacity units do not need to be 
the largest to obtain the optimal results, instead, it depends on III-driven 
transdisciplinary capacity allocation—balancing efficiency and resil
ience. This paper also culminated in an analysis of the transdisciplinarity 
of the ‘typical’ form of the ATM network analysis research presented. 
This was evident from the disciplinarity reflections, and established the 
fundamental relevance and alignment with the fundamental tenements 
of Transdisciplinary Process Integration (TPI). It was highlighted that an 
aircraft’s daily utilization would be of the order of 16 h and, therefore, 
the projection of the network resilience will impact on 25% of the air
lines’ and airports daily utilization.

In conclusion, it was shown that the ATM network example shown is 
highly transdisciplinary in nature and consequently provides a useful 
example from the field of Transdisciplinary Engineering and more 
importantly helps verify some of the fundamentals, principles and 
concepts being developed to help define this developing field by 
leveraging industrial information integration capabilities, thus 
expanding the application boundaries of III to complex service-oriented 
industrial systems.

7.2. Limitation

In terms of the realistic systems design of the Network and associated 
model: (1) Certain network features (see Table 2) are required for input 
and all the inputs of networks need adaptation beforehand. (2) Due to 
the limited data resources, the verification has only been conducted in 
several networks.

In terms of the effectiveness of the simulation to capture the behavior 
of the network: (3) The traffic for simulating is limited in one day due to 
the computing time constraints of hardware. There is a possibility that 
long-term traffic input will provide more notable results for discussion. 
(4) Capacity relocating methods are relatively simple and completely 
depend on the workload of the sector. The influences of some geographic 

Table 9 
Metrics for robustness Rbst and resilience Rsil.

CASE T0 T1 T2 P0 P1 P2 Rbst Rsil

C1 500 553 770 1 0.85 1 − 0.15 0.33
C2 500 553 661.5 1 0.85 1 − 0.15 0.55
C3 500 553 987 1 0.85 1 − 0.15 0.18
C4 500 540 987 1 0.9 1 − 0.1 0.11
C5 500 600 987 1 0.65 1 − 0.35 0.55

Fig. 23. Robustness and resilience of a system.
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information are ignored to reduce the complexity of modelling.
In terms of results and the ultimate performance of the model: (5) 

The simulation can not only output the objectives but also record all 
traffic information throughout the entire process. Therefore, the selec
tion and analyzation process has to be transfered into other platforms. 
(6) The solution evolving and converging process are controlled by end 
criteria. There is a possibility that the simulation will discover one or 
more better solutions.

In this paper, most of the limitations of the simulation tool stem from 
simplifying the code to control computing costs and coding hardware 
constraints. However, this simplification also enables the tool to 
improve problem-solving efficiency and allows it to adapt to multiple 
network types.

7.3. Future work

The future work will still focus on exploring the application possi
bilities of this simulation tool, with a focus on deepening the integration 
of Industrial Information Integration and transdisciplinarity. Specif
ically, it will analyze the robustness and resilience of the network, as 
mentioned in Fig. 23, and the relationship between them and the 
network when facing disruptions, together with the network charac
teristics and network performance by integrating transdisciplinary 
disruption factors through III’s enhanced cross-domain information 
synergy The simulator will provide figures like Fig. 23 to visualize the 
drop in of performance and the recovery of the network for further study 
based on high-precision data integration, which realizes micro-level 
transdisciplinary interaction analysis.

Moreover, output results of the simulation can also be refined to 
individual sectors and even flights to fully leverage the simulation tool’s 
advantage in capturing the detailed information and movement of the 
network traffic flow. This will provide a better understanding of the 
traffic flow and the impact on a small unit of the network, as shown in 
Fig. 18 and Fig. 17.

Additionally, other networks different from air traffic networks will 
possibly be used for analysis to verify the tool’s adaptability to other 
network types and help to conduct analytical verification from the 
perspective of theoretical models.
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Appendix

Supplementary descriptions of transdisciplinary engineering theory

With reference to the Principles of Transdisciplinarity, the ATM 
Network modelling and simulation that was presented as representative 
withing the technical system design [20–23], analysis and control fields 
does follow all of the principles outlined in Fig. 21a [22]. The charac
teristics of multidisciplinarity (2) are evident through the performance 
of an aircraft in terms of Aircraft Velocity is used as well as the spatial 
Distance Between Airports in the Network for example; where one 

model (1) does not necessarily influence the performance of the other 
(1) but both (2) are used in calculating a common performance criteria 
such as Infrastructure Cost; being a simple amalgamation of either 
models value in the respect. However, these two models are also used in 
an Interdisciplinary (3) manner where the velocity of the aircraft is now 
used by the simulation of the Network in the simulation in order to 
calculate the Route Times Between Airports, the Network Capacity that 
can be achieved in a certain timeframe for that ATM network, and the 
Delay Time resulting from a given network disruption. Furthermore, the 
overarching model of the ATM model and associated simulation, which 
was used to run the real scenarios, forms the Transdisciplinary (4) layer 
[22,24] that integrates all of the other formulations and combines these 
into indeed a common Transdisciplinary Goal that is elevated above all 
other subservient lower-level system goals; the later for clarity being for 
example the Aircraft System (model), or Airport, or Air Traffic Network, 
etc.

One can also use the Transdisciplinary Process Integration (TPI) 
framework presented in Fig. 21b by Curran [22] in order to assess the 
ATM modelling and simulation process presented here-in terms of the 
Transdisciplinary Engineering metrics associated with the proposed 
Robustness and Resilience criterias. This is a complex integrated 
framework of Transdisciplinarity that has been proposed and is more 
fully presented in Curran [22] but essentially it combines the processes 
of Adaptive Simulation Planning [25–30], Multi-attribute Value Anal
ysis [27,28], and Knowledge Management [31]; as shown by the 
top-left, bottom-left, and right-hand sections of Fig. 21. The ATM 
Network case study presented herein is easily associated with the System 
Design and Scenario Simulation steps shown in Fig. 21 as part of the 
Adaptive Simulation Planning, as part of the Transdisciplinary Engineering 
Integration (TDI) process shown. However, although the Stakeholder 
Planning and Data Capture phases were not highlighted in this paper, 
those were followed, as would be typical, in an informal way to scope 
out the ‘project brief’ and determine the goals and ultimate research 
output and application impact, the latter being associated with the 
beginning of the Value Analysis process – as a fundamental part of the 
multi-objective analysis approach [32–37]. Implementation will include 
the Robust Planning for the actual application in some sort of design 
effort, intervention or control. The latter is very directly associated with 
the monitoring and Life Cycle Learning phase [38–40]. All processes 
mentioned, both those that are presented horizontally and vertically in 
Fig. 21b, are supported by the Knowledge Management process high
lighted on the righthand side in the Figure. For clarity, Normalisation 
refers to the calibration and processing of core data bases, and Organi
sation refers to the structuring of these resulting data and knowledge 
bases through ontological and highly defined standardized ‘knowledge 
forms’. Finally, following the better recognized phases within the 
KNOMAD methodological process that are Modelling and Analysis 
(closely aligned and forming an ‘axis’ with the System Design and Sce
nario Simulation of the ASP), there is the Dissemination phase and effort 
which also includes tool development, process formulation, methods, 
etc. for the dissemination through the business process where relevant.

The simulation tool aims to explain network behavior and provide a 
reasonable solution for network stakeholders (Step 1) with differing 
goals, as referenced to the three value criteria in Fig. 21b that are the 
pillars of sustainability. The main stakeholders, airlines, airports, pas
sengers and regional or national associations, do have different goals, 
and the virous data need to collected to build the models associated with 
the system (Step 2). In Fig. 21b, the righthand side represents the 
innovative Knowledge Based Engineering (KBE), also formulated as the 
KNOMAD process [39]. The KNOMAD process recommends the associ
ated steps with gathering relevant information, collaborating and 
cleaning the data, structuring and building models that can be dissem
inated for system scenario generation (Step 3 & Step 4). Basically, the 
three main pillars of sustainability are economic, social and environ
mental values, as highlighted in Fig. 21b. This also refers to the trans
disciplinary highlighted in Fig. 21a where the values are inherently 
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cross-disciplinary. Fig. 21a highlights that system-of-systems perfor
mance requires transdisciplinary integration. Fundamentally, this 
network model shows how the various disciplines have to be considered 
in the complex example of an air transport network. failure in a traffic 
network will result in a loss of these three shared sustainability/
transdisciplinary dimensions. For instance, a blocking airport that 
closed suddenly will lead to several consequences, like profit loss for 
airlines and the airport, while, for passengers, extra time cost may cause 
social problem and emissions from the alternative traffic methods 
required. Relative to Fig. 21b, Step 5 is the application of the results 
from the network simulation tool to better ensure the robust perfor
mance of the network. In this respect, Step 5 refers to both the robust
ness, ability to maintain performance, and resilience, ability to recover 
from loss of performance. Based on the real network traffic data, the 
synthetic network is generated to help establish the simulation’s reli
ability and verification. Consequently, the network modelling is rela
tively simple but encompasses the function of illustrating network 
behavior and the associated flight operations. This ensures the 
time-saving requirement of the simulation tool for the network analyst. 
Also, the weighted objective function allows the analyst to give priority 
to the performance factor that they want to prioritize. In terms of the 
scenario simulation (Step 3), the disruptions are from the real impact of 
the ATM network. The simulator will provide a record of the flights and 
generate results to help the analyst to understand the performance of the 
network and obtain balanced solutions. With the help of the tool, the 
projection of the network design and performance implication (Step 6) 
from the network behavior will help the network analyst to embrace life 
cycle learning.

Data availability

Data will be made available on request.
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