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Abstract: To scientifically evaluate the reliability of air traffic networks, a definition of air traffic
network reliability is proposed in this paper. Calculation models of the connectivity reliability,
travel-time reliability, and capacity reliability of the air traffic network are constructed based on
collected historical data, considering the current status and the predicted future evolution trends.
Considering the randomness and fuzziness of factors affecting reliability, a comprehensive evaluation
model of air traffic networks based on the uncertainty transformation model is established. Finally,
the reliability of the US air traffic network is analyzed based on data published by the Transportation
Statistics Bureau of the US Department of Transportation. The results show that the connectivity
reliability is 0.4073, the capacity reliability is 0.8300, the travel-time reliability is 0.9180, and the
overall reliability evaluated is “relatively reliable”. This indicates that although the US structural
reliability is relatively low, the US air traffic management is very efficient, and the overall reliability is
strong. The reliability in nonpeak hours is much higher than that in peak hours. The method can
identify air traffic network reliability efficiently. The main factors affecting reliability can be found in
the calculation process, and are beneficial for air traffic planning and management. The empirical
analysis also reflects that the evaluation model based on the uncertainty transformation model can
transform the quantitative data of network structure and traffic function into the qualitative language
of reliability.
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1. Introduction

Reliability is an important feature of complex systems. Many scholars have studied the reliability
of different systems [1–9], such as composite materials [10], communication systems [11], and power
systems [12]. In the field of civil aviation, there are a few studies on reliability, mainly focusing
on controllers’ reliability and equipment reliability. Wang S J et al. propose an improved triangle
whitening weight function and use it to measure the reliability of air traffic controllers [13]. Liu J X
synthesizes the Delphi and success likelihood index methods to analyze the human error probability in
flight conflict resolution [14]. Yuan L P and Zhang X J propose a method of determining the maximum
influence value of the controller’s error based on Delphi and Bayesian networks and calculate the
human error probability of flight conflict resolution [15]. Kirwan B et al. determine human error
probabilities by analyzing the results of a real-time simulation involving air traffic controllers (ATCOs)
and pilots, with a focus on communication errors [16]. They also analyze air traffic safety from the
aspect of air traffic controller behavior and develop a human reliability assessment tool for air traffic
safety management [17]. Xu X H et al. apply a Markov chain model to predict and verify different
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states of ATC automation software [18]. Zhang Y W studies the influence of the equipment operation
environment and internal and external risk factors on the reliability of air traffic control equipment
based on a Bayesian network [19]. To date, the study of the reliability of transport networks has focused
on road transport networks [20–25]. Such studies mainly evaluate the reliability of the networks from
the perspectives of connectivity reliability, travel-time reliability, and capacity reliability. By contrast,
little research has been conducted on the reliability of air traffic networks.

With the rapid development of the aviation industry, air traffic is becoming increasingly complex,
resulting in a significant decline in system stability. Low reliability seriously threatens operational
safety and transportation efficiency. At present, most research on air traffic planning and management
assumes that the flight time of a route is a fixed value without considering the influence of stochastic
factors on the air traffic system [26]. In fact, due to the high uncertainty of the air traffic system, flight
time and other air traffic indicators are continuously changing, seriously affecting the reliability of air
traffic operation and transportation efficiency. Therefore, the reliability analysis of air traffic systems is
a key problem to be solved. It is meaningful to apply the general research idea of the reliability of road
transport networks to the reliability of air transport networks. Because of the differences between air
traffic operation and road traffic operation, it is not reasonable to calculate the connectivity reliability,
the travel-time reliability, and the capacity reliability using the calculation methods proposed in the
available literature. For example, an aircraft seldom changes its flight path randomly. If there is a
traffic jam in a flight segment, the flights generally implement a ground delay program or air-holding
policy. Thus, we cannot calculate the capacity reliability based on dynamic traffic assignment.

There are two main tasks in our study. The first task is to calculate reliability indexes. From the
perspective of a complex system, the structure is the internal composition of the system, reflecting the
integrity of the system from the inside; the function is the external behavior of the system, reflecting
the integrity of the system from the outside. Thus, it is reasonable to establish reliability indexes based
on the structure and function of the air traffic network. In this work, we propose three indexes, i.e.,
connectivity reliability, travel-time reliability, and capacity reliability. To the best of our knowledge,
they are first proposed for the air traffic field.

The second task is to comprehensively evaluate the reliability of the air traffic network based on the
reliability indexes. Considering that human thinking is characterized by fuzziness, air traffic managers
are primarily concerned about whether reliability is high. When the network reliability is evaluated
comprehensively, it is necessary to convert quantitative reliability into qualitative reliability. Thus,
the reliability evaluation of the air traffic network is fuzzy. Because of the complexity and uncertainty
of air traffic operation, the reliability evaluation is also stochastic. There are many comprehensive
evaluation methods, such as neural networks and fuzzy comprehensive methods. Although these
measure fuzziness, they do not take randomness into account, and the determination of index weights
is subjective. The reliability of the air traffic network is a combination of fuzziness and randomness.
The uncertainty transformation model was presented by Prof Deyi Li based on traditional fuzzy
set theory and probability statistics [27]. The fuzzy set and uncertainty transformation model have
been widely used in data mining and evaluation of the effectiveness of complicated systems [28–34].
We introduce the uncertainty transformation model into the reliability evaluation method to achieve a
balance between quality and quantity.

The remainder of this paper is organized as follows: Section 2 presents the definition of the
reliability of the air traffic network. In Section 3, the reliability measurement of the air traffic network is
presented, including the modeling of the air traffic network, the measurement of connection reliability,
travel-time reliability, and capacity reliability, and the comprehensive evaluation of the reliability of
the air traffic network based on the uncertainty transformation model. The empirical analysis of the
reliability of the US air traffic network is given in Section 4. Finally, conclusions are presented in
Section 5.
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2. Definition of Reliability of the Air Traffic Network

Currently, there is no general definition of air traffic reliability [35–38]. Based on the characteristic
analysis of air traffic, we propose a definition of air traffic reliability, that is, the ability of the air traffic
network to continuously satisfy the air traffic demand under the influence of random factors on air
traffic operation within a certain period of time [37]. This ability is derived from structural reliability
and functional reliability. The structural reliability can be measured by the network connectivity.
The functional reliability can be characterized by the balance of air traffic capacity and demand and
flight punctuality. Therefore, the reliability of the air traffic network includes connectivity reliability,
travel-time reliability, and capacity reliability.

The connectivity reliability of the air traffic network (CORN) reflects the interconnection of airports
from the perspective of complex networks. In complex network theory, the distance between two
points is the number of edges passing from one point to the other point. A short distance between two
airports means less flight transfer times and strong connectivity reliability. If airport A is isolated in the
airport network, the distance between airport A and any other airport is infinite. Thus, the connectivity
reliability of airport A is low.

The travel-time reliability of the air traffic network (TTRN) is used to describe the time-varying
characteristics of flight time. The larger the number of punctual flights, the more reliable the air traffic
network. The TTRN is useful for formulating flight schedules.

The capacity reliability of the air traffic network (CARN) describes the ability of the air traffic
network to accommodate a certain traffic demand at a certain service level. Under different service
levels, the capacity reliability of the network is different. The CARN is the basis of forming air traffic
congestion management strategies.

3. Reliability Measurement of the Air Traffic Network

An air traffic system is a complex system. Influenced by human, equipment, and environmental
factors, the reliability of air traffic networks is constantly changing. This requires us to evaluate the
reliability from a dynamic perspective. As far as we know, to date, research on traffic reliability has
been carried out only from a static perspective. This work is the first to evaluate traffic reliability from
a dynamic perspective. Thus, we have to study air traffic reliability not only from the perspective of
the current static reliability but also from the perspective of future dynamic reliability. We construct
the calculation models of the CORN, TTRN, and CARN considering both the current reliability and its
future evolution trends.

3.1. Modeling of the Air Traffic Network

An air traffic network consists of airports as nodes and air routes as edges. The network structure
is shown in Figure 1. Airports A and B are directly connected by route AB, indicating that there are
direct flights between airports A and B. Airports B and C can be directly connected by route BC or
indirectly connected by BE and EC. There are no direct routes between A and D.
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The topological structure of the air traffic network can be expressed as G = (VG, EG,φG), where
the airport set is VG = {v1, v2, · · · , vi, · · · , vn}, the air route set is EG = {e1, e2, · · · , ei, · · · , en}, and φG
represents the association functions of node sets and edge sets.

3.2. Measurement of the CORN, TTRN, and CARN

(1) Modeling of the CORN
In this paper, network efficiency is introduced to measure the CORN of an air traffic network.

The network efficiency is the average value of the connectivity efficiency between all pairs of airports,
which is expressed as Equation (1):

E =
1

N(N − 1)

∑
i, j∈G

εi j (1)

where N represents the total number of airports. The network is completely connected when E = 1,
and the connectivity of the network is the worst when E = 0. Therefore, the value of E is 0 ≤ E ≤ 1.
εi j is the connectivity efficiency between airports i and j. It can be calculated by the shortest path
di j between i and j. di j can be calculated by the Floyd algorithm [39]. The algorithm starts from any
one-sided path. The distance between any two points is the weight of the edge. When i and j are
disconnected, di j tends toward infinity and εi j = 0.

εi j =
1

di j
(2)

Though the network efficiency represents the network connectivity, it does not include the impact
of connectivity differences on the CORN evolution. To characterize the influences of connectivity
difference on the CORN in the future, we introduce a correction coefficient δcon:

δcon = 1−
σcon

µcon
(3)

where σcon and µcon represent the standard deviation and the mean value of εi j, respectively. σcon/µcon

denotes the degree of discreteness of connectivity reliability. When the connectivity difference is very
large, there are some routes with much higher connectivity efficiency than other routes, and airlines
will like to put more flights on these routes. Air traffic congestion may easily occur on the routes,
and the network reliability will be reduced quickly.

Thus, the CORN of the air traffic network can be calculated as follows:

Rcon = δconE = (1−
σcon

µcon
) × µcon = µcon − σcon = E− σcon (4)

(2) Modeling of the TTRN
In air traffic operation, the flight time T of an individual route always changes in the external

environment. The less the flight delay, the higher the travel-time reliability. A large number of historical
data show that flight time obeys a normal distribution, as shown in Figure 2.
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t0 represents the expected flight time. The average flight time of curve 1 is less than t0, indicating
that the flight time reliability is higher than the expected level. In contrast, the flight time reliability of
curve 3 is lower than the expected level. The travel-time reliability V of an air route can be measured
by the flight delay, as follows:

V =
1
n

∑
i∈N

ci, ci =


1 (Ti ≤ ti)

1− k Ti−ti
ti

(ti < Ti ≤
1+k

k ti)

0 (Ti >
1+k

k ti)

(5)

where n represents the flight volume, ci is the non-delay rate of flight i, Ti is the average actual flight
time of flight i(i ∈ [0, N]), ti is the estimated flight time of flight i(i ∈ [0, N]), and k is the correction
coefficient, which is used to ensure that the reliability is in [0, 1]. When flight i is not delayed, ci equals 1.
Generally, when the actual flight delay is greater than half of the estimated flight time, the actual flight
delay is not acceptable to potential passengers. Thus, the value of k in this paper is 2; that is, when
Ti >

k+1
k ti =

3
2 ti, the value of ci is 0.

To characterize the influence of the travel-time reliability difference on the TTRN in the future,
a correction coefficient δtra is introduced:

δtra = 1−
σtra

µtra
(6)

where σtra and µtra represent the standard deviation and the mean value of V for all of the routes.
σtra/µtra denotes the degree of discreteness of non-delay rate. When there are large gaps between the
non-delay rate of different air routes, airlines would like to put more flights on the routes with a higher
non-delay rate. Air traffic congestion may easily occur on these routes, and the overall reliability of the
network will be reduced.

Thus, the TTRN of the air traffic network can be calculated as follows:

Rtra = δtra
1
l

∑
l∈L

Vl = (1−
σtra

µtra
) × µtra = µtra − σtra (7)

where L represents the number of routes.
(3) Modeling of the CARN
The CARN can be described by the probability that the air traffic capacity is greater than demand

at a certain service level. We quantify the unreliability of any airport by the following formula:

f =

∑
i∈N

Ai∑
i∈N

ci
, Ai =

{
0 (qi ≤ ci)

qi − ci (qi > ci)
(8)

where f represents the capacity unreliability of one airport; Ai is the residual value of demand minus
capacity at the ith time interval; and qi and ci are the airport demand and capacity at the ith time
interval, respectively.

There is no consideration of service level in the calculation of f . The airport service level can be
measured by the delay of departing flights. Departing flights with delays of more than 15 minutes
are considered delayed flights. The capacity reliability of one airport at a certain service level can be
calculated as follows:

P = (1− f )(1−

∑
i∈N

di
qi

N
) (9)

where di and qi are the number of delayed flights and air traffic demand at the ith time
interval, respectively.
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To characterize the influence of the airport capacity reliability difference on the CARN in the
future, a correction coefficient δcap is introduced:

δcap = 1−
σcap

µcap
(10)

where σcap and µcap represent the standard deviation and the mean value of P, respectively. σcap/µcap

denotes the dispersion degree of P. When there are large gaps between the capacity reliability of
different airports, more flights will be distributed to the airports with higher capacity reliability. Air
traffic congestion may occur in those airports and the CARN of the air traffic network will be reduced.

Thus, the network CARN for a certain service level can be calculated as follows:

Rcap = δcap
1
m

∑
j∈M

P j = (1−
σcap

µcap
) × µcap = µcap − σcap (11)

where m is the number of airports and P j is the capacity reliability of airport j.

3.3. Comprehensive Evaluation of Air Traffic Network Reliability Based on the Uncertainty
Transformation Model

Transform the quantitative data of CORN, TTRN, and CARN into the qualitative language of
network reliability is an important problem. The uncertainty transformation model is an effective tool
in uncertainty transformation between qualitative concepts and quantitative expression. It reflects
both uncertainty and fuzziness of human thinking.

3.3.1. Description of Uncertainty Transformation Model

a. Concept of an uncertainty transformation model
The uncertainty transformation model can realize the transformation between qualitative and

quantitative values [40].
Suppose U is a quantitative numerical universe of discourse, and T is a linguistic term associated

with U. If x ∈ U is a random implementation of concept T and µ(x) ∈ [0, 1] stands for the certainty
degree of x belonging to T, then the distribution of x in the universe of discourse U is called a fuzzy set,
and each x is called a fuzzy set drop.

µ : U→ [0, 1] ∀x ∈ U x→ µ(x)

According to the above descriptions, the random implementation is in terms of probability.
The certainty degree is the degree of membership in a fuzzy set according to the probability distribution.
Therefore, the uncertainty transformation model shows the correlation of randomness and fuzziness.

b. Characteristics of the uncertainty transformation model
Expectation Ex, entropy En, and super-entropy He are the three digital characteristics describing

fuzzy sets, as shown in Figure 3. Cr(x) is the membership degree. The three characteristics express
the quantity feature of a qualitative concept. Ex is the center value of the concept in the theory field,
and it is the most representative of the qualitative concept. En is the uncertainty measurement of the
qualitative concept, which is determined by both the randomness and fuzziness of the concept. He is
the uncertainty measurement of En, which is determined by both the randomness and fuzziness of En.
Therefore, the fuzziness and randomness are completely combined by the three characteristics of the
uncertainty transformation models, which constitute the mapping between quality and quantity as the
foundation of knowledge expression.
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c. Algorithms in uncertainty transformation model
The normal and converse generators are the most important algorithms in the uncertainty

transformation model. The normal generator is used to convert qualitative language to a quantitative
value, while the converse generator does the opposite [41]. Next, we will introduce the two algorithms.

(1) The normal generator
The fuzzy set can be generated by the set’s digital characters (Ex, En, He), and its mathematic

expectation curve (MEC) is:

MECA(x) = exp [−(x− Ex)
2/(2En)

2
] (12)

The generating algorithm of the fuzzy set is as follows:
Input: digital character (Ex, En, He), the number of samples n.
Output: drop(xi,µi), i = 1, 2, · · · , n.

(1) Generate a normal random number E′ni = NORM(En, H2
e ) with expected value En and variance H2

e .

(2) Generate a normal random number E′ni = NORM(Ex, E′2ni)with expected value Ex and variance E′2ni .

(3) Compute µi = e
−

(xi−Ex)2

2E′2ni , where (xi,µi) is a sample.
(4) Repeat steps (1) to (3) until enough sample drops are generated.

(2) The converse generator
Input: sample points xi, i = 1, 2, · · · , n
Output: set characteristics Ex, En, He

(1) Calculate the expectation of the samples, x = 1
N

N∑
i=1

xi, center distance of the samples,

B = 1
N

N∑
i=1

∣∣∣xi − x
∣∣∣, and sample variance, S2 = 1

N−1

N∑
i=1

(xi − x)2.

(2) Let E_
x
= x

(3) Let E_
n
=

(
π
2

) 1
2
× B

(4) Let
_
He =

(
S2
− E2

_
n

) 1
2
.

Suppose there are two sets C1(E x1, En1, He1) and C2(E x2, En2, He2); the rules used by the algorithm
for these sets is shown in Table 1.
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Table 1. Computing rules of the uncertainty transformation model.

Ex En He

+ Ex1 + Ex2

√
En2

1 + En2
2

√
He2

1 + He2
2

− Ex1 − Ex2

√
En2

1 + En2
2

√
He2

1 + He2
2

× Ex1 × Ex2
|Ex1Ex2| ×√(
En1
En1

)2
+

(
En1
En1

)2
|Ex1Ex2| ×√(
He1
Ex1

)2
+

(
He2
Ex2

)2

÷ Ex1 ÷ Ex2
∣∣∣Ex1
Ex2

∣∣∣× √(
En1
Ex1

)2
+

(
En2
Ex2

)2 ∣∣∣Ex1
Ex2

∣∣∣× √(
He1
Ex1

)2
+

(
He2
Ex2

)2

3.3.2. Reliability Evaluation of the Air Traffic Network Based on the Uncertainty
Transformation Model

The architecture of the reliability evaluation framework is illustrated in Figure 4.Appl. Sci. 2020, 10, x FOR PEER REVIEW 9 of 17 
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The specific description of the evaluation algorithm is as follows:
a. Establish the evaluation object’s metric set and comment set. Establish the metric set U =

{CORN,TTRN,CARN} and comment set V =
{
very unreliable,unreliable, less reliable, relatively reliable,very reliable

}
.

The evaluation rule is shown in Table 2.
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Table 2. Reliability rule of the air traffic network.

Reliability Level Uncertainty Transformation Model

Very reliable Fuzzy set 1(1,0.1031,0.013)
Relatively reliable Fuzzy set 2(0.691,0.064,0.008)

Less reliable Fuzzy set 3(0.5,0.039,0.005)
Unreliable Fuzzy set 4(0.309,0.064,0.008)

Very unreliable Fuzzy set 5(0,0.1031,0.013)

Note: The reliability rule is adopted from “Uncertainty Artificial Intelligence” written by Li Deyi [21].

b. Compute the reliability indexes. Calculate the CORN, TTRN, and CARN of the air traffic
network based on the methods in Section 3.2.

c. Compute the weight uncertainty transformation models W = {W1, W2, W3}. W1 represents
the weight uncertainty transformation model of the CORN, W2 represents the weight uncertainty
transformation model of the TTRN, and W3 represents the weight uncertainty transformation model of
the CARN. Use the Delphi method to score the weights of the CORN, TTRN, and CARN. The score
given by experts is a numerical range because of the fuzziness of reliability; Table 3 shows an example.

Table 3. Marking of experts.

Index 1 Index 2

experts max min max min

1 0.32 0.2 0.55 0.31
2 0.29 0.14 0.53 0.35

Then, the uncertainty transformation models for each index are calculated based on the
converse fuzzy set generator. There are two fuzzy sets for each index, Cmax(Exmax, Enmax, Hemax)

and Cmin(Exmin, Enmin, Hemin). The weight uncertainty transformation model Wi(Exi, Eni, Hei) can be
calculated using the following formulas [34]:

Exi =
Cmin,i + Cmax,i

2
(13)

Eni =
Cmin,i −Cmax,i

6
(14)

Hei = ki (15)

where ki is a constant and can be adjusted according to the fuzziness of the comments.
d. Compute the actual uncertainty transformation models. Calculate the uncertainty

transformation models R = {R1, R2R3} using the converse fuzzy set generator based on the values of
the CORN, TTRN, and CARN calculated in step b. R1 represents the actual uncertainty transformation
model of the CORN, R2 represents the actual uncertainty transformation model of the TTRN, and R3

represents the actual uncertainty transformation model of the CARN.
e. Calculate the comprehensive evaluation uncertainty transformation model RC based on the

following formula:

RC =
n∑

i=1

Ri ×Wi (16)

f. Compare the similarity between RC and the reliability rule, determine the most similar fuzzy
set, and determine the evaluation results.
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4. Empirical Analysis

4.1. Construction of the US Air Traffic Network

As the flight data of China is not open to the public, it is difficult to obtain flight data for the whole
of China. The flight data used in this work were obtained from the Transportation Statistics Bureau
of the US Department of Transportation [42]. The information of the historical flight data consists of
detailed data for individual flights by aircraft and airline identification code (tail number and airline
ID, respectively), date of flight, real and scheduled departure (arrival) times, origin and destination,
flight time, and whether the flight was canceled or diverted.

We took the departure and arrival flight data from 100 major airports in the United States from
September 2015 to February 2016 as an example for empirical analysis. The US flight network we
established contains 100 nodes and 14,621 directed lines that connect most major cities in the US.

4.2. Calculation of the CORN, TTRN and CARN

(1) Calculation of the CORN
We calculated the CORN of the US air traffic network based on the method mentioned in Section 3.2.

There are 2924 direct routes, 6610 routes with the shortest distance of 2, and 366 routes with the shortest
distance of 3. The direct rate of the network (the ratio of the number of direct routes to the number
of routes) is 29.5%. More than 96% of the routes can connect any two airports by no more than one
transfer. Therefore, the accessibility of the air traffic network under direct requirements is lower, while
the accessibility of the air traffic network under fewer than one transit requirement is higher.

In the calculation of the connectivity efficiency of any two airports, the connectivity rate of a single
airport can be obtained, which reflects the hub function of the airport and the connectivity capability
with other airports, and also reflects the importance of the airport in the air traffic network to a certain
extent. The top 10 airports in terms of high connectivity are shown in Table 4, most of which are
hub airports.

Table 4. Top 10 airports for connectivity.

Ranking Airports Connectivity

1 ATL 92.00%
2 ORD 92.00%
3 DEN 90.00%
4 DFW 84.50%
5 IAH 84.50%
6 MSP 84.50%
7 DTW 83.50%
8 EWR 83.50%
9 LAS 83.30%

10 PHX 82.50%

From Table 3, we find that the airports with the highest connectivity rate are the airports with the
highest domestic passenger volume ranking in the United States, which reflects the positive relationship
between the connectivity rate and hub airport circulation capacity. To some extent, the connectivity
rate reflects the capacity of the airport and the level of openness to the outside world.

Then, we calculate the value of the CORN as follows:

Rcon = δconE = (1−
σcon

µcon
) × µcon = µcon − σcon = E− σcon ≈ 0.6415− 0.2342 = 0.4073

where the value of 0.2342 is the standard deviation of connectivity efficiency εi j; the value of 0.6415 is
the mean of εi j, which can be found in the Equations (2) and Equations (3).
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The CORN is 0.4073, indicating that the US air traffic network has low connectivity reliability.
This is consistent with the hub radiation structure of the US airline network. The connectivity reliability
of the US air traffic network can be improved by increasing the number of direct routes.

(2) Calculation of the TTRN
The TTRN of the US air traffic network is determined based on the method in Section 3.2.

Taking January 2016 as an example, there are 2921 routes, 93.46% of which are routes with travel-time
reliability above 0.9 and 72.71% of which are routes with travel-time reliability above 0.95. Then,
we calculate the value of the TTRN as follows:

Rtra = δtra
1
l

∑
l∈L

Vl = (1−
σtra

µtra
) × µtra = µtra − σtra ≈ 0.9602− 0.0422 = 0.9180

where the value of 0.0422 is the standard deviation of travel-time reliability V; the value of 0.9602 is the
mean of V.

The top 10 airports in terms of high travel-time reliability are shown in Table 5.

Table 5. The top 10 Airports for travel-time reliability.

Ranking Airports TTR

1 GUM 0.998
2 EYW 0.991
3 RSW 0.969
4 MHT 0.963
5 HNL 0.962
6 DAL 0.959
7 MSY 0.958
8 ELP 0.957
9 CHS 0.957

10 DFW 0.956

Comparing Tables 3 and 4, the travel-time reliability of some airports is not as high as
their connectivity, which shows the disadvantage of airports with high traffic volume in terms
of travel-time reliability.

Then, we obtain the TTRN of every month from September 2015 to February 2016, and the results
are shown in Table 6.

Table 6. The travel-time reliability of the air traffic network (TTRN) of the US air traffic network.

Index\Month September October November

µtra 0.9615 0.9610 0.9647
σtra 0.0468 0.0357 0.0367
Rtra 0.9147 0.9253 0.9280

Index\Month December January February

µtra 0.9547 0.9601 0.9601
σtra 0.0393 0.0422 0.0420
Rtra 0.9154 0.9179 0.9181
Rtra 0.9199

As seen from Table 5, the average TTRN is very high, and the monthly variation of the TTRN is
very small, which reflects the stable travel-time reliability of the US air traffic network. The travel-time
reliability of November is the highest and the travel-time reliability of September is the lowest.
This may because there are many thundershowers in September and it is often sunny in November.
In stormy weather, flights must fly around the thunderstorm area, which increase the flight distance
and travel time.



Appl. Sci. 2020, 10, 3168 12 of 16

(3) Calculation of the CARN
First, the capacity reliability of Atlanta Airport (ATL) is calculated based on the method in

Section 3.3. The flight operation at ATL on 15 January is shown in Figure 5. The capacity reliability of
ATL is 0.8068, which is relatively high. Then, we calculate the capacity reliability of other airports.
We find that the capacity reliability of the top 28 large-flow airports is above 0.8, and the airport
connectivity, with relatively high capacity reliability, is generally high.Appl. Sci. 2020, 10, x FOR PEER REVIEW 13 of 17 
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Figure 5. Flight schedule on 15 January of ATL airport.

Then, we calculate the monthly CARN of the US air traffic network, as shown in Table 6.
From Table 7, we find that the CARN of the US air traffic network is much higher and the monthly
variation of the CARN is much smaller. The capacity reliability of December is the lowest, which may
be due to snowy weather; snowy weather will cause airport lanes to close, route capacity to drop, etc.

Table 7. The capacity reliability of the air traffic network (CARN) of the US air traffic network.

Index\Month September October November

µcap 0.8684 0.8674 0.8627
σcap 0.0244 0.0238 0.0275
Rcap 0.8440 0.8436 0.8352

Index\Month December January February

µcap 0.8342 0.8499 0.8549
σcap 0.0251 0.0269 0.0297
Rcap 0.8091 0.8230 0.8252
Rcap 0.8300

4.3. Comprehensive Evaluation of US Air Traffic Network Reliability

The fuzzy set weights of the CORN, TTRN, and CARN are calculated based on the Delphi method
and converse generator. The results are shown in Table 8.

Table 8. Fuzzy set weights of the connectivity reliability of the air traffic network (CORN), TTRN,
and CARN.

Index Fuzzy Set Weights

CORN (0.155, 0.046, 0.0179)
TTRN (0.345, 0.034, 0.0147)
CARN (0.500, 0.050, 0.0003)
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Then, the actual uncertainty transformation models of the CORN, TTRN and CARN can be
obtained based on the converse generator, seen in Table 9.

Table 9. Uncertainty transformation models of the CORN, TTRN, and CARN.

Index Uncertainty Transformation Models

CORN Fuzzy set 1(0.4073,0,0)
TTRN Fuzzy set 2(0.9199,0.0109,0.0049)
CARN Fuzzy set 3(0.8300,0.0088,0.0103)

The comprehensive evaluation uncertainty transformation model RC is calculated based on
Equation (16):

RC =
3∑

i=1

Ri ×Wi = (0.7955, 0.0920, 0.0190) (17)

The membership fuzzy sets are shown in Figure 6. Fuzzy sets with “.” correspond to five rules,
and fuzzy sets with “o” correspond to the reliability of the US air traffic network.

By comparing the fuzzy sets, we find that the most similar fuzzy set to the reliability fuzzy set
of the US air traffic network is the relatively reliable fuzzy set, indicating that the reliability of the
US network is relatively high. Although the CORN of the US air traffic network is low, the total
reliability of the US air traffic network is high. Thus, we can conclude that the air traffic organization
and management in the United States is efficient.

We also evaluate the reliability of the US air traffic network during peak hours (10:00–14:00) and
nonpeak hours (19:00–23:00). The comprehensive evaluation uncertainty transformation model of peak
hours is (0.7335, 0.1041, 0.0082), and the uncertainty transformation model of nonpeak hours is (0.8376,
0.0832, 0.0096). It can be seen that the reliability of the network in non-peak hours is higher than that
in peak hours. This is because the air traffic demand is much higher and the flight delay is much larger
during peak hours. The disorder of air traffic in peak hours is much larger than that in nonpeak hours.
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5. Conclusions

Although some evaluation studies of controllers’ reliability and equipment reliability have been
conducted, there is little research on the reliability of the air traffic network. The reliability of the air
traffic network is the basis of air traffic management. We propose a novel method of evaluating the
reliability of air traffic networks from both network structure and traffic function perspectives.
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In this paper, we establish models of the CORN, TTRN, and CARN on the basis of the network
structure, flight time, and air traffic capacity, respectively. Fuzzy set theory can be used to solve
problems involving fuzziness and randomness. A comprehensive evaluation model based on the
uncertainty transformation model is constructed. The uncertainty transformation model can transform
the quantitative data into qualitative language considering both the fuzziness and uncertainty of
human thinking. The comprehensive evaluation model can be used to guide the formulation of flight
plans, adjustment of route network structures, and implementation of traffic management strategies.
We take the US air traffic network as an example and evaluate its reliability. The following conclusions
can be drawn: (1) The CORN of the US air traffic network is low, with indirect routes accounting for
approximately 70% of the routes. In contrast, the TTRN and CARN are much higher. The TTRN of US
airports with a high CORN is much lower than that of airports with a low CORN because of their large
traffic volume. The TTRN is the largest, indicating that the efficiency of US air traffic management is
much higher than the connectivity. (2) The US air traffic network is generally reliable. The reliability of
the US air traffic network can be further improved by optimizing the network structure, optimizing
the route layout, and improving the service level of the airports. (3) The reliability of the US air traffic
network in nonpeak hours is much higher than that in peak hours. The empirical analysis also reflects
the validity of our calculation method based on the uncertainty transformation model.

Based on this method, suggestions are made for optimizing the aviation network based on the
analysis of the network reliability. The applications of the methodology (airport planning, fleet sizing,
route planning, etc.) are not mentioned in this paper. These will be studied later.
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