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Abstract: Accident causation analysis is of great importance for accident prevention. In order to improve the aviation
safety, a new analysis method of aviation accident causation based on complex network theory is proposed in this
paper. Through selecting 257 accident investigation reports, 45 causative factors and nine accident types are obtained
by the three-level coding process of the grounded theory, and the interaction of these factors is analyzed based on the
“2-4” model. Accordingly, the aviation accident causation network is constructed based on complex network theory
which has scale-free characteristics and small-world properties, the characteristics of causative factors are analyzed by
the topology of the network, and the key causative factors of the accidents are identified by the technique for order of
preference by similarity to ideal solution (TOPSIS) method. The comparison results show that the method proposed

in this paper has the advantages of independent of expert experience, quantitative analysis of accident causative factors
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and statistical analysis of a lot of accident data, and it has better applicability and advancement.
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0 Introduction

Air transportation system 1s a complex system
with high safety requirements. The Annual Statisti-
cal Report on Aviation Safety in 2019 released by
International Civil Aviation Organization (ICAO)""
shows that with the rapid development of air trans-
portation, the accident rate is also rising. Conse-
quently, it is very important to improve aviation
safety level through accident causation analysis.

The early research on the causation of aviation
accidents focused on human factors. After the appli-
cation of system science in the study of accident cau-
sation, some system accident models have been pro-
posed, such as: Systems-theoretic accident model-
ing and process (STAMP) "™, failure mode and ef-
fect analysis (FMEA) "' and “2-4” model*'. Be-
sides, there are other methods to analyze the causa-
tion of aviation accidents. For example, a Bayesian

network of aviation accidents is established to ana-

*Corresponding author, E-mail address: rtyue@cauc.edu.cn.
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lyze the change of accident probability'*'.

The complex network theory is applied to the
field of safety management. And the event analysis
of systemic teamwork (EAST) methodology is pro-
posed to analyze the aviation accidents'®. The key
risk factors of seaplane take-off and landing safety
are identified and the accident prevention measures
are proposed through the network attack experi-

ments'”

. Based on the complex network and the cas-
cading failure theory, a new accident causation mod-
el is proposed for the railway accidents analysis'™’.

In this paper, the causation of aviation acci-
dents is analyzed by the complex network theory.
Firstly, the aviation accident investigation reports
are collected to classify and sort out the causative
factors of aviation accidents based on the grounded
theory'®', and then, the causative chain of each acci-
dent is analyzed to determine the relationship be-

tween factors based on the “2-4” model*. Accord-

ing to the complex network theory, the causation
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analysis network of aviation accident is constructed.
Secondly, according to the topological properties of
complex network theory, the aviation accident cau-
sation network is analyzed from degree, average
path length, network diameter and clustering coeffi-

7519 Thirdly, combining with the technique

cien
for order of preference by similarity to ideal solution
(TOPSIS) method, a method for determining the
critical causative factors of aviation accidents is pro-
posed. Finally, several aviation accident causation

analysis models are compared.

1 Construction of Aviation Acci-

dent Causation Network

Aviation accident causation network is con-
structed by taking the causative factors of aviation
accidents as the nodes and the relationship between
the causative factors as the edges.

The Report of Aviation Accident Investigation
can be used as the data source for the study, be-

cause it records in detail of the accident. And 257 in-

Loss of situational Insufficient pilot
awareness ability

1] from 2009

to 2019 are selected as the data source for the study.

vestigation reports published in Ref.[1

1.1 Determination of network nodes

There are a lot of factors described in the inves-
tigation report of accidents, and the same or similar
factors may be described differently due to the differ-
ence of accident investigation institutions. If the ex-
haustive method is used to list all causative factors,
it is not conducive to the subsequent analysis work.

Therefore, the causative factors of 257 aviation
accidents are extracted by the coding method based
on the grounded theory as nodes for the network.
The core process of the extraction is data analysis,
which includs three steps: Open coding, axial cod-
ing and selective coding. The causative factors ex-
tracted by the grounded theory is shown in Fig.1.

Based on the grounded theory, the causative
factors of aviation accidents and the accident types
={P,P,,--,P,}is a set
A={A, A, -, A} a
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Fig.1 Causative factors extracted by grounded theory
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E={E,E,, -
factors, M ={M,, M,, ---

,E,} a set of environment causative

,M,} a set of manage-

ment causative factors, and Z={Z2,,Z,, -, Z,} a

set of accident types, shown in Table 1.

Table 1 Causative factors of aviation accidents

Node Description Node Description
P, Insufficient flight skills Ay Malfunction or lack of CNS
P, Pilot violation A Equipment of runway malfunction or lack
P, Pilot error E, Low visibility
P, Pilot fatigue E, Bad weather
P Loss of situational awareness E, Runway surface condition
Py Limited sight of pilot E, Ineffective operation of apron
P, Lack of safety awareness E. Bird strike
Py The mental health of pilot E; Complex geographical environment of airport
P, Lack of CRM E; Obstacle in apron
Py Loss of ability M, Insufficient crew training
P, Pilot misjudgment M, Unreasonable crew scheduling
P, Ground personnel error M, Incomplete rules and regulations for airlines
P, Limited sight of ground personnel M, Lacks supervision in airlines
P, Controller error M. Airline violation
Py Maintenance personnel error M; Inadequate airport management
Py Dispatchers error M, Incomplete aircraft maintenance manual
Py Hijack M, Inadequate government supervision
A, Landing gear failure M, Collaborative emergency handling failure
A, Hydraulic system failures A Controlled flight into terrain
A, Engine failures Z, Loss of control (crash)
A, Flight control system failures Zs Runway unsafety
As Fire in cabin Z, Ground unsafety
Ag Loss of cabin pressurization Z. Bird strike
A, Airframe damage Zs Fire
Ag Loss of control Z; Forced landing
Ay Incorrect loading Zy Hijack
Ay Aircraft design and manufacturing defects Zy Failure

1.2 Determination of network edges

The relationship between accident causative
factors is abstracted as the edge of the network and
the aviation accident causation network should be a
directed weighted network.

The occurrence path of the “2-4” model is de-
scribed as system network, where “2” means two
levels (individual, organization) and “4” means
four stages (guidance, operation, unsafe behavior
and individual factors). The model is suitable to con-
struct the accident causation network for its network
structure, and makes the analysis more comprehen-
sive. So, the “2-4” model is applied to the analysis
of the relationship between the factors.

The “2-4” model is taken as the logical frame-

work to get an event chain composed of causative
factors based on each aviation accident. According
to the complex network theory, each causative fac-
tor is regarded as an independent node. However, it
can be found that some factors do not completely
form the causal relationship but promotion and inter-
action. Therefore, the causal relationship or the pro-
motion relationship between factors is regarded as a
directed edge, and the number of co-occurrence be-
tween the same factors is taken as the weight of the
edge. Moreover, the corresponding adjacency ma-
trix 1s established.

An aviation accident investigation report is se-
lected as an example to analyze the relationship be-

tween the accident causative factors based on the
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“2-4” model. On January 25, 2010, at 00: 41:
30 UTC, Flight ET409,
B737-800, crashed into the southwest region of

Ethiopian Airlines

Beirut Rafik in the Mediterranean Sea. Analysis
for this accident by the “2-4” model is shown in
Fig.2.
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Fig.2 Analysis for an accident by the “2-4” model

When the flight took off, there were thunder-
storms and low clouds in the area. At this time, the
controller gave the instruction of a right turn, then
the aircraft bumped, and finally the aircraft went
through two recoverable stalls. During this period,
the pilots were fatigued and lost situation awareness
due to the poor crew scheduling. In addition, the pi-
lots’ capability declined under the bad weather con-
dition. For the poor CRM level, the pilots failed to
correctly operate the aircraft, and the flight control
inputs of the captain and the co-pilot were inconsis-
tent. In the final stage, the aircraft made an uncon-
trolled spiral dive.

According to the causation analysis process for
257 aviation accidents, the adjacent matrix can be
established as the basis of constructing the accident

causation network.

2 Analysis of Topological Charac-

teristics

According to the network nodes identified in

Table 1 and the network edges identified in the “2-

4” model, the aviation accident causation network
is constructed by the Pajek software''*’.

The aviation accident causation network 1is
comprised of 45 nodes (causative factors) and 304
edges. Most of the factors are affected by others,
which proves that the occurrence of accidents is not
the result of a single factor.

According to the in-degree analysis of accident
type nodes, the runway safety accounts for 38.5%
of the total accidents, and it can be seen that the ap-
proach and landing are the critical nature of those
flight phases. Moreover, the ground safety accounts
for 19% of the total accidents, indicating that it is al-
so an important factor of aviation accident causation.

The causative process of aviation accidents can
be analyzed from different topological characteris-
tics, which provides some theoretical basis for the
accident prevention. Therefore, combined with the
topology characteristic formula of complex net-
work, the node degree, the average path length,
the network diameter and the clustering coefficient

are selected for analysis.
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2.1 Node degree

The aviation accident causation network is a di-
rected-weighted network, so the node degree of the
network can be analyzed from three aspects: Out-
degree, in-degree and total degree. The total degree
is equal to the sum of in-degree and out-degree. The
total degree varies from 1 to 41. In Fig.3, the caus-
ative factors of aviation accident with the total de-
gree greater than 15 are displayed respectively. Be-
sides, about 30% of total node-degrees account for

53% of all total-node degrees.
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Fig.3 Causative factors with total degree greater than 15

In Fig.3, the total degree of the human factor
accounts for the largest proportion of all factors, in-
dicating that the pilot factor is more related to other
factors. In addition, the factors with larger total
node-degree are the aircraft-related factors, manage-
ment factors and weather factors in turn.

Among them, the nodes with larger in-degree
are as follows: Pilot error P;, pilot violation P, in-
sufficient flight skills P,, airframe damage A;, lack
of CRM P,. These factors are easily affected by oth-
er factors and become the direct accident causation.

The nodes with larger out-degree are as fol-
lows: Pilot violation P,, pilot error P;, bad weather
E,, lacks supervision in airlines M,, incomplete
rules and regulations for airlines M. These factors
can easily promote other factors and become the es-
sential accident causation.

Especially, in-degree and out-degree of the
nodes, pilot error P, and pilot violation P, are near-
ly the largest nodes, which shows that the two fac-
tors are easy to interact with other factors and are

the key causative factors of aviation accidents.

2.2 Average path length and network diameter

The average path length reflects the influence
ability of the factors and indicates the degree of sepa-
ration between the nodes. If the average path length
is short, the information exchange between the caus-
ative factors passes through few nodes. The average
path length is reflected in the number of causative
factors that need to go through in the occurrence of
the accident. The obtained results show that the av-
erage path length of the accident causation network
is 2.543, which indicates that the accident can be
reached through three factors on average.

The network diameter of the accident causation
network is 7, and the path is from aircraft design
and manufacturing defects A, to loss of ability P),.
In the real situation, A, is difficult to directly lead
to Py, but the analysis of the network diameter
shows that there is an indirect relationship between
the two involved factors. It can be seen that the new
accident causation analysis method can effectively
identify the causal relationship which is difficult to
find directly.

2.3 Clustering coefficient

The clustering coefficient reflects the aggrega-
tion of nodes in the complex network. The greater
the clustering coefficient of nodes is, the closer the
connection between the nodes and the surrounding

nodes is. The clustering coefficient is defined as
E. 2F;

=172 Ee—1) (D

where %, 1s adjacent nodes in the network and E; the

number of edges between adjacent nodes.

In addition, the clustering coefficient and aver-
age path length can judge whether the network
obeys small world properties ™. The clustering coef-
ficient of nodes varies from 0.05 to 0.67. The nodes
with the clustering coefficient greater than 0.25 are
selected, shown in Fig.4.

In Fig.4, nodes with larger clustering coeffi-
cients are: Unreasonable crew scheduling M,, mal-
function or lack of CNS Ay, insufficient crew train-
ing M,, controller error P, loss of situational
awareness P;, lack of safety awareness P;, and

these factors have strong aggregation ability. If
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Fig.4 Network nodes with clustering coefficient greater
than 0.25

these factors are abnormal, it is easy to interact with
other factors and lead to the formation of event
chain. Therefore, in order to prevent the chain reac-
tion in the network, it is necessary to remove these
nodes with larger clustering coefficient.

The clustering coefficient of the network is
0.217 6 and the average path length of the network
1s 2.543, then it can be concluded that the aviation
accident causation network obeys small-world prop-
erties. This also means that the connectivity be-
tween the causative factors of accidents is random,
and the factors propagate quickly in the network. If
a factor occurs, it is easy to produce a chain of
events, which further aggravates the situation and

increases the difficulty of emergency response.

3 Determination and Analysis of
Key Nodes

3.1 Determination algorithm based on TOP-
SIS

According to the analysis of the topological
characteristics of the aviation accident causation net-
work, the causation network has both scale-free
characteristics and small world properties. The
scale-free characteristic reflects that the network fol-
lows the Pareto principle, which shows that a small
number of nodes control the efficiency of the whole
network. The robustness of the network can be
achieved by taking deliberate attacks. The key nodes
are identified and deleted, which can cut off the for-
mation of event chain, reduce the propagation rate
and achieve the purpose of accident prevention.

The network topology feature can be used as

the index to determine the key nodes (causative fac-
tors) , but sometimes it has limitations. TOPSIS is
a multicriteria decision-making approach. Degree
centrality, betweenness centrality, closeness cen-
trality and clustering coefficient of nodes are normal-
ized and set as four objectives of the TOPSIS meth-
od.

The ideal solution and the negative ideal solu-
tion of objectives are calculated to obtain the ap-
proaching between the node and the ideal solution,
which is defined as
_ S
S +S;
where C is the value of TOPSIS centrality of node

Cr (i) (2)

i,S; the distance between the node and the negative
ideal solution, and S, the distance between the
node and the ideal solution.

The value of the ideal solution approaching of
each node is closer to 1, and the node plays an im-
portant role in network. It can be used as the basis

for evaluating the key nodes'*.

3.2 Normalized results of key nodes and their

ranking

According to Eq. (1) , the degree centrality,
the betweenness centrality, the closeness centrality
and the clustering coefficient of each node are nor-
malized. The normalized values, the TOPSIS val-
ues and their ranking are shown in Table 2.

From Table 2 we can see that, considering de-
gree centrality, betweenness centrality, closeness
centrality and clustering coefficient of nodes, the
ranking of nodes has a certain change compared with
the single network topology.

According to the TOPSIS value and ranking of
each node, it 1s also seen that P,, P,, My, Py, P,
are the key causative factors, which focus on the er-
rors of professional of air transportation and also ver-
ify the importance of human factors in aviation safe-
ty management.

In addition, when an emergency occurs, the
multi-party collaborative emergency response fails
to work, and the crew resource management is not
enough, which indicates that team cooperation, col-

laborative linkage and decision-making play an im-
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Table 2 Normalized and TOPSIS values of each node and their ranking

Betweenness Closeness Clustering

Node Degree centrality ) . o TOPSIS value Ranking
centrality centrality coefficient

P, 0.243 0 0.085 7 0.177 1 0.120 3 0.3200 8
P, 0.374 7 0.552 0 0.1954 0.093 0 0.697 2

P, 0.4152 0.501 7 0.209 0 0.081 4 0.682 7 2
P, 0.1215 0.083 6 0.1551 0.144 5 0.230 5 21
P; 0.1519 0.008 8 0.158 4 0.197 3 0.257 6 18
P; 0.1519 0.0399 0.1551 0.137 8 0.224 3 23
P, 0.1418 0.033 5 0.153 6 0.196 4 0.257 9 17
Py 0.050 6 0.0211 0.1309 0.1419 0.1490 35
P, 0.2329 0.205 2 0.1710 0.127 8 0.404 8 5
Py 0.050 6 0.001 7 0.120 4 0.1419 0.142 9 37
P, 0.182 3 0.023 9 0.1654 0.165 5 0.263 1 16
P, 0.121 5 0.120 2 0.144 7 0.072 2 0.214 8 26
Py 0.050 6 0.0059 0.1309 0.1419 0.145 1 36
Py 0.1316 0.292 9 0.144 7 0.220 7 0.467 7 4
P 0.070 9 0.008 5 0.129 7 0.148 6 0.1610 33
Py 0.040 5 0.002 0 0.1254 0.094 6 0.088 4 40
Py, 0.070 9 0.006 8 0.133 2 0.054 0 0.077 7 44
A, 0.162 0 0.124 9 0.156 8 0.1419 0.289 4 9
A, 0.0911 0.019 5 0.142 0 0.1419 0.171 4 32
As 0.172 1 0.050 3 0.167 2 0.1159 0.2359 20
A, 0.1418 0.146 9 0.158 4 0.1237 0.282 8 10
As 0.1215 0.0617 0.153 6 0.043 0 0.160 0 34
As 0.050 6 0.002 6 0.133 2 0.085 1 0.085 6 41
A; 0.263 3 0.143 4 0.1750 0.093 4 0.362 2 6
Ay 0.172 1 0.112 1 0.160 1 0.1297 0.280 7 11
A, 0.101 3 0.053 4 0.144 7 0.126 1 0.180 3 29
Ay 0.101 3 0.040 0 0.144 7 0.132 4 0.178 5 30
Ay 0.020 3 0.000 0 0.1254 0.283 8 0.270 3 13
A, 0.101 3 0.197 0 0.1320 0.078 8 0.279 8 12
E, 0.0911 0.006 9 0.136 8 0.157 6 0.181 5 28
E, 0.162 0 0.060 5 0.158 4 0.1757 0.269 7 14
E, 0.101 3 0.027 7 0.147 5 0.181 3 0.217 1 25
E, 0.1316 0.096 0 0.153 6 0.134 6 0.239 1 19
E; 0.070 9 0.024 0 0.147 5 0.094 6 0.119 2 39
E; 0.050 6 0.0199 0.126 5 0.028 4 0.050 5 45
E; 0.040 5 0.000 0 0.1297 0.1419 0.140 8 38
M, 0.1114 0.004 9 0.153 6 0.239 6 0.266 6 15
M, 0.030 4 0.000 0 0.1115 0.378 3 0.3399

M, 0.1519 0.023 1 0.156 8 0.152 8 0.228 6 22
M, 0.172 1 0.023 7 0.167 2 0.106 4 0.2197 24
M; 0.050 6 0.004 2 0.1297 0.085 1 0.084 6 42
M; 0.101 3 0.1352 0.144 7 0.056 8 0.209 7 27
M, 0.050 6 0.0050 0.118 5 0.170 3 0.172 8 31
M 0.060 8 0.000 0 0.123 4 0.0757 0.080 1 43
M, 0.1418 0.358 9 0.150 5 0.1419 0.489 8 3

portant role in dealing with the emergency or avoid- lot factor is the most important causative factor
ing the deterioration of the situation. among the human factors. Among them, the flight

From the perspective of various factors, the pi- skills are the key to the safe operation of the aircraft.
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The training of flight skills should be strengthened.
The landing gear and engine of aircraft are easy to
fail, which may lead to unsafe incidents.

The ranking of TOPSIS values of environmen-
tal factors is in the middle part, indicating that envi-
ronmental factors belong to the transitional caus-
ative factors, which are the leading causative factors
of human factors and the facilities and equipment
factors. Moreover, bad weather is the key causative
factor to affect the flight safety, and the operation of
apron is the key factor to affect the ground safety.

Among the management factors, the effective-
ness and timeliness of the emergency response are
the key to avoid the serious situation. Besides, the
management factors of the airline company are easy
to cause human factors, such as: Unreasonable
crew scheduling and insufficient crew training.

In sum, the key factors are those nodes with
high importance in the network, so dealing with the
key factors preferentially can effectively paralyze the
network and achieve the purpose of accident preven-

tion.

4 Comparative Analysis

The software, hardware, environment and
liveware (SHEL) model, the Reason model and the
functional resonance analysis method (FRAM) are
classic aviation accident causation analysis models
widely applied in the aviation safety field. They are
selected to compare with the method proposed in
this paper, shown in Table 3.

SHEL and Reason models are very common
and mature in the field of aviation accident analysis.
They have the characteristics of simple structure
and easy operation.

The human-—centered characteristics of the
SHEL model are consistent with the situation of avi-
ation accidents dominated by human factors. The in-
novation of Reason model lies in its vision of system
view. The causation analysis of the accident is ex-
tended from the human factors to the potential orga-
nizational factors.

However, these two models are not enough for

the analysis of accident causation details, and the dy-

namic interaction description of various factors is in-
sufficient, so they are not suitable for a lot of acci-
dent data analysis. In addition, the analysis objects
covered by these two models are not comprehensive
enough.

Different from the modular structure of the
SHEL model and the chain structure of the Reason
model, FRAM and the method proposed in this pa-
per adopt a reticular structure, which has the advan-
tage of being able to analyze the evolution path of
the accident and the interrelationship between the
causative factors and the propagation mechanism in
detail, and the analysis objects covered are more
comprehensive.

Compared with SHEL and Reason models, the
model structure of complex network theory is more
advanced, the dynamic interaction and propagation
mechanism between causative factors are much
clearer, and the accident analysis is more detailed.

Compared with FRAM, the complex network
theory model does not rely too much on expert expe-
riences, and is more suitable for analyzing a lot of
accident data at the same time with higher efficiency.

In addition, the new method can identify key
factors that cannot be achieved by conventional
methods. By controlling the identified key factors,
the purpose of accident prevention and control can
be effectively achieved.

Therefore, the method of analyzing the causa-
tion of aviation accidents based on complex network
theory described in this paper has better applicability

and advancement.

5 Conclusions

The feasibility of applying complex network
theory to analyze aviation accident causation is ex-
plored. The conclusions are drawn as follows:

(1) The 45 causative factors from 257 aviation
accident investigation reports are selected as net
work nodes based on the grounded theory, and the
causative chain of each accident is established as net-
work edge based on the “2-4” model. Then the avia-
tion accident causation network is constructed for

analysis.
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Table 3 Comparison of aviation accident causation analysis models
Model Advantage Disadvantage Structure
(1) Extension of accident analysis is not
enough.
(1) Easy to operate. ) o )
] o (2) It cannot describe the dynamic interaction
(2) Taking the human factors as the core, it fits well )
SHEL ) o between humans and other factors in a Module
with the actual situation of the human factors of an
o ) complex system.
aviation accident. _ o .
(3) Not suitable for statistical analysis of a
lot of accident data.
(1) Extension of the causative factors analy-
(1) Easy to operate. sis is not enough.
(2) It reveals the development process of the accident (2) The linear description of the system can-
and highlights the responsibility of the organization not describe the dynamic and nonlinear in-
in the accident. teractions between system components in .
Reason . L Chain
(3) It analyzes the potential organizational factors that a complex system.
affect human factors in a deeper level, and connects (3) Not include factors outside the organiza-
all relevant factors theoretically with a logically uni- tion.
fied accident response chain. (4) Not suitable for statistical analysis of a
lot of accident data.
(1) Extension of the accident analysis is sufficient and o .
. (1) Application process is complex.
detailed. ) o )
. . ) (2) Relying on specific experts for detailed
(2) The affected objects of the accident analysis are . _ o )
FRAM ) analysis which leads to low efficiency. Reticular
complete and comprehensive. ) o .
o ) (3) Not suitable for statistical analysis of a
(3) System description has the advantage of being dy- i
) lot of accident data.
namic.
(1) Be able to sort out the context of accidents and the
interrelationships and propagation mechanisms of
the causation.
Complex (2) The accident evolution path is described in the form
network of system network. The causative factors have both Application process is complex. Reticular
theory hierarchical and causal relationships.

(3) Identify the key causative factors of the accident.

(4) It is suitable for statistical analysis of a lot of acci-

dent data.

(2) The topological characteristics of the avia-
tion accident causation network is analyzed. Consid-
ering the different characteristics of nodes, the key
nodes are identified by the TOPSIS method.

(3) Several aviation accident analysis models
are compared and analyzed, and it is concluded that
the method proposed in this paper has better applica-
bility and advancement than conventional aviation
accident analysis models.

The new method can also analyze the character-
istics of different network topologies according to
the actual needs of safety management work, and

obtain the analysis results of different dimensions.
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