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Abstract
Due to the characteristics of civil aircraft system integration, requirement-based testing cannot fully verify the complex 
cross-linking between multiple systems. With the gradual deepening of research on flight process in recent years, method of 
verification based on scenarios has been applied to test verification process of civil aircraft. This paper studies the verifica-
tion process based on typical operation scenarios of civil aircraft. A method for establishing behavior model of operation 
scenario based on SysML is proposed. The model covers key parameters and behavior information of scenario which can 
support closed-loop simulation of aircraft. In addition, the method of generating test cases based on SysML model is opti-
mized, and a set of use cases suitable for scenario-based testing is formed through the combination of test data and path. 
This paper takes the ground proximity warning function verification scenario as an example to show the method of scenario 
modeling and test case development, which can be applied to test verification process of operation scenario, and supports 
the closed-loop simulation and testing.
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1  Introduction

To improve competitiveness, manufacturer apply new tech-
nologies in new aircraft type, which results in more complex 
systems, especially avionics systems. With the application of 
IMA, the degree of coupling between avionics systems has 
increased, presenting a highly comprehensive feature, which 
brings challenges to test verification. During the develop-
ment process of civil aircraft, the design problems could 
be found through experimental verification as early as pos-
sible, which can reduce the workload of subsequent system 
design iterations, thereby shortening the design cycle. In 
addition, digital or semi-physical tests are used to replace 

aircraft tests, which can reduce the workload of verification 
process and save development costs [1, 2].

2 � Scenario‑based verification

The development of civil aircraft follows the double V 
model process of SAE ARP4754A [3], that is, the civil air-
craft must complete requirements capture, function analysis 
definition, validation and verification at aircraft level, sys-
tem level, and equipment level. Decompose layer by layer 
according to aircraft level requirements to obtain system 
level and equipment level requirements, which conforms to 
the top-down development process. For a single device or 
system, it can be judged whether it meets the design require-
ments through test verification based on input and output. 
However, for system integration level or aircraft level veri-
fication, the traditional method of judging based on system 
response is difficult to fully discover problems. For example, 
the test verification result of a single system meets the design 
requirements, but when the system is tested in a comprehen-
sive test or on-board test, it will be exposed to hidden prob-
lems due to factors such as verification scenario conditions 
and human-in-the-loop. Usually, the test verification of a 
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single system does not consider or possess the corresponding 
test conditions (Fig. 1).

To improve the efficiency of experimental verification, 
the concept of scenario-based verification in software 
engineering has been gradually promoted. The traditional 
requirement-based verification method needs to design test 
cases according to system requirements one by one. The 
scenario-based verification method considers the aircraft in 
a virtual operating scenario, and verifies the flight target, 
function or performance that the aircraft needs to achieve in 
the scenario. Scenario-based verification is more suitable 
for multi-system integration and human-in-the-loop complex 
cross-link verification (Fig. 1).

In recent years, there have been more studies on civil 
aircraft scenarios. Xu proposed the definition and develop-
ment methods of flight scenarios from the perspective of air-
worthiness certification. The article established the mapping 
relationship between scenarios and minimum flight crew cri-
teria [4]. Yin formulated flight scenarios for pilot workload 
analysis, and studied pilot–aircraft interaction and human 
factors in scenarios [5]. In the process of designing and veri-
fying specific systems, scenario-based methods are gradually 
being promoted. Yu combined the MBSE R&D ideas and 
processes with the analysis of airborne radar antenna servo 
system. The article establishes task scenarios and models 
to support requirement capture and function analysis [6]. 
Zhang constructed MBSE process from requirement model 
to physical performance model according to the characteris-
tics of commercial aviation engine design and development 
[7]. Based on practical engineering experience, Yuan pro-
posed an aircraft system test verification method based on 
working conditions/scenarios. In the system comprehensive 
cascade test, the test process was determined by defining the 
working conditions of various aircraft in normal and fault 
conditions [8].

In the research of test verification methods based on 
scenario models, Zhu uses SysML as modeling language 
to establish unified conversion rules to complete MBSE 
process of requirement capture, function modeling and 

requirement verification [9]. Feng proposed an optimization 
method based on UML activity diagram to automatically 
generate test paths [10], and Niu focused on the behavior 
model algorithm of coverage-based testing [11]. In addi-
tion, the research on generating test cases based on UML is 
relatively extensive, and many optimization algorithms have 
been proposed [12–15].

This paper proposes a method of verification and test 
case generation based on typical operating scenarios of civil 
aircraft. Different from the previous research, this article 
focuses on the operation scenarios of civil aircraft. In Chap-
ter 3, the composition elements of scenario model are sorted 
out and refined, and the behavior model is established based 
on SysML. In Chapter 4, according to the key parameters of 
scenario model and behavior information, the test data and 
path are generated, respectively, and finally, the test case set 
is obtained through the combination of path and data.

3 � Operation scenario modeling

The first task of scenario-based verification is to establish 
operation scenario model. Scenario is a combination of 
events with certain relationship, which refers to specific 
environment and aircraft status, including all stages of air-
craft entire life cycle in its design, manufacturing, test flight, 
delivery, and operation. The construction of operation sce-
narios should be considered from the perspective of users, 
not only involving environmental factors, but also consid-
ering the status of aircraft itself, as well as the impact of 
stakeholders including crews, air traffic control, and airlines.

In the process of verification based on requirements, test 
cases need to be generated based on captured requirements. 
In scenario-based verification, requirements are captured and 
decomposed to generate corresponding scenarios as input, 
and then test cases are generated based on operation or task 
scenario. There is no one-to-one correspondence between 
requirements and scenarios. One requirement may need to be 
verified in several operation scenarios, and a single operation 
scenario may be able to verify more than one requirement.

For a complete scenario-based verification process, it 
is necessary to first establish scenarios that can be used to 
identify specific requirements. Due to the complex corre-
spondence between aircraft requirements and scenarios as 
described above, it is possible to reduce the duplication of 
design and modeling efforts in subsequent validation by sort-
ing out the specific requirements associated with individual 
scenarios as they are validated. This traceable requirements 
and scenario correspondence can guide the design of sce-
nario-based verification upfront.

Therefore, the workflow of scenario-based verification 
could be described as searching for the relationship between 
requirements and scenarios, defining the operation scenarios Fig. 1   Scenario-based verification process
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corresponding to requirements that need to be verified, and 
developing test cases for experimental verification.

3.1 � Definition of operation scenario

General operation scenarios are divided into normal opera-
tion scenarios, abnormal operation scenarios and failure 
scenarios. Among them, the normal scenario is the normal 
operation process of aircraft, covering all stages of flight, 
while the abnormal scenario refers to the unfavorable 
weather conditions and urgent air traffic control situation. 
The above two parts are defined according to specific flight 
objectives and flight phases. The failure scenario is for the 
typical aircraft system or equipment, and operation scenario 
is designed for its function failure. In other words, the failure 
scenario is different from above two types of scenarios in 
design idea.

According to the definition of operation scenario of civil 
aircraft, the scenario mainly describes the environment 
and aircraft status. Therefore, the composition of scenario 
mainly includes two parts: objective factors and subjec-
tive factors. The objective factors refer to weather environ-
ment and aircraft system status, while the subjective factors 
mainly involve tasks and operations of human-in-the-loop.

According to the key information types, the dimensions 
of operation scenario are divided into three parts, including 
environmental, aircraft, and task factors as shown in Fig. 2.

Environmental factor refers to the external environment 
where the aircraft is located, including weather, geography, 
and abnormal weather. Aircraft factor refer to the configura-
tion of aircraft and malfunction. Task factors mainly refer 
to flight plan, crew task and permit approval. The detailed 
division is shown in Table 1. Environment, aircraft, and task 
factors are divided into different dimensions, and the three 
dimensions of space together constitute a complete space of 
operation scenario [16–18].

3.2 � Modeling

Operation scenario modeling is implemented by SysML, 
focusing on information transmission, operation interac-
tion, status change and collaborative decision-making in 
each scenario.

The modeling requirements for flight scenario should be 
divided into Aircraft (A/C), other aircraft, Air Traffic Con-
trol (ATC), Airlines Operations Center (AOC), etc. Accord-
ing to the flight requirements and purposes, the scenario 
should cover air-ground collaborative interaction, A/C-ATC-
AOC cooperative interaction and other processes.

Taking the ground proximity warning function verifi-
cation scenario during flight as an example, the behavior 
model diagram is established based on SysML. First, clarify 
the flight target of the scenario. During the airworthiness 
certification process of civil aircraft, it is necessary to com-
plete the TAWS (Terrain Awareness Warning System) test 
flight certification test. The design of this scenario revolves 
around TAWS mode 2 (Excessive Terrain Closure Rate) test 
flight. The ultimate goal of scenario is to verify the TAWS 
warning function and aircraft’s ability to maneuver safely.

TAWS mode 2 warning is divided into two trigger states. 
Among them, mode 2A covers most of the flight phases. 
The scenario established in this paper focus on mode 2A. 
The warning threshold curve of Mode 2A is shown in the 
left figure, and the right figure is the description of how air-
plane flight trigger mode 2A. The mode 2A warning thresh-
old curve data used in this article comes from Honeywell’s 
EGPWS (MKV-A) product description (Fig. 3).

After the design outline of operation scenario is deter-
mined, the main participants and the overall mission process 
are clarified around the flight requirements and objectives. Fig. 2   Dimensions of operation scenario

Table 1   Dimensions of operation scenario

Dimension Sub-dimensions

Environmental factor Weather Wind speed
Temperature
Humidity

Geography Airport location
Altitude
Plateau climate

Abnormal weather Crosswind
Thunderstorm
Turbulence

Aircraft factor Structure Weight
Balance
Minimum equipment list

Malfunction Failure information
Abnormal event

Task factor Flight plan
Crew task
Air traffic control
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The ground proximity warning function verification scenario 
mostly revolves around aircraft and pilot, and it needs to 
report to area control center (ACC) during climbing. There-
fore, the participants in this scenario include aircraft and 
ACC. The specific process of ground proximity warning 
function verification is to select the appropriate terrain and 
flight path, the aircraft flies along the expected trajectory to 
the landmark point, confirm the triggering of the multi-seg-
ment warning of TAWS mode 2A, then pull up and climb, 
report to ACC about altitude changing.

As the task flow is clarified, key dimensions and param-
eter values need to be selected in a targeted manner. It is not 
possible to perform permutation and combination tests on 
values of all dimensions. The key parameters involved in 
the ground proximity warning verification scenario mainly 
include terrain and altitude information of landmark points, 
the expected flight trajectory and speed, the logical judgment 
of TAWS, the recovery action and information exchange 
between A/C and ACC. Other parameters not listed above 
may also affect the flight. But from the point of view of 
ground proximity alarm function verification, it is not very 
relevant to the purpose of scenario design.

When using SysML behavior diagrams for modeling, 
participants, task processes, and key parameters need to be 
included. The scene model activity diagram is shown below, 
which mainly includes two participants, A/C and ACC. In 
the behavior model diagram, the green patterns represent 
behavior actions, the blue patterns represent conditional 
judgment and merge nodes, and the black words are related 
parameters (Fig. 4).

The activity diagram contains multiple loops and branch 
structures, describing the aircraft flying along expected 
trajectory, covering multiple results of triggered and 
untriggered warnings. As it involves looping to determine 
whether to trigger a warning, it is necessary to calculate 
the reserved time T according to initial parameters during 
scenario design, indicating that the aircraft is about to cross 
the landmark point. In this case, warning is not triggered 
yet, and the aircraft needs to be maneuvered directly. While 

maneuvering, ACC needs to be notified of changes in flight 
level, involving branch structures of parallel actions.

The modeling of scenario is completed based on SysML 
behavior diagram. At the same time, parameters and timing 

Fig. 3   EGPWS Mode 2A 
description

Fig. 4   Modeling of ground proximity warning function verification 
scenario
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concepts are added to lay the foundation for subsequent 
development of test cases development.

4 � Test case development

The development of test cases based on the scenario model 
starts from two aspects. The first is the generation of test 
data, and then the logical paths of behavior operations in 
the test scenario need to be combined to form test cases. The 
main process is shown in Fig. 5 below.

According to the definition of scenario-based testing in 
this article, test cases are composed of data and models. The 
test case is a time series data table covering key parameters 
of system that covers all participants. Through the attached 
time stamp, events such as aircraft system status changes, 
crew operations, tripartite coordination, and fault injection 
in the closed-loop simulation system can be realized.

4.1 � Test data generation

The purpose of test data generation is to cover input con-
ditions of all functional requirements in the test scenario. 
Therefore, based on the test requirements, the approximate 
value range of parameter is delineated. Refer to the detailed 
operation data to define the boundary values of key param-
eters in scenario and divide the effective and invalid equiva-
lence classes.

The original data required for the test covers key parame-
ters contained in the environment and aircraft factors, and all 
possible values of key parameters should be considered. For 
weather dimension in environmental factors, it is necessary 
to refer to ICAO or FAA’s definitions of weather conditions 
for civil aviation operations to find the value ranges. For 
example, for the definition of wind speed, the relevant docu-
ments describe the wind speed less than ten knots as a case, 
so the wind speed of ten knots is a key value. For geographic 
dimensions, data from several typical domestic airports can 

Fig. 5   Test case generation 
process
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be selected to cover various airports such as international 
airports and plateau airports, as well as key information such 
as altitude, runway length, scene weather, and equipment. 
For abnormal weather conditions, also refer to the definition 
of abnormal weather in civil aviation regulations, including 
crosswind intensity, visibility, etc., to find the value range 
of key parameters.

Taking the ground proximity warning function verifica-
tion scenario as an example, the key parameters are deter-
mined according to the judgment basis of TAWS, including 
indicated airspeed, radio altitude, and closure rate. Since 
the triggering of mode 2A warning depends on terrain, it 
is only necessary to refer to design outline of TAWS sub-
ject flight test and select typical landmark points and flight 
tracks. Therefore, the latitude and longitude of landmark 
point and initial position as well as the flight heading are 
no longer used as the basis for generating test data. This 
article also assumes that there is no direct coupling between 
radio altitude and closure rate, so as to fully verify the mode 
2A warning threshold. The following are the possible value 
ranges of three key parameters in the scenario (Table 2).

After determining the value range of each parameter, 
the possible input data are divided into several equivalence 
classes, including valid equivalence classes and invalid 
equivalence classes. The equivalence class represents a set 
of valid or invalid states of input condition. For the test sce-
nario, the effective equivalence class refers to reasonable and 
effective input data. If the aircraft weight does not exceed 
the maximum take-off weight in the take-off scenario, the 
weight value at this time is reasonable and effective. Exceed-
ing the maximum take-off weight will cause the aircraft fail 
to take-off normally, and the data should be classified as 
invalid and equivalent. Selecting representative data from 
each part as the value classification of test case can ensure 
the coverage of test case and reduce unnecessary test cases 
in design.

Boundary value analysis is a supplement to equivalence 
class division. It selects test data on the "edge" of equiva-
lence class to check its boundary value. If the input condi-
tion is specified as a range with a and b as boundary, the test 
data should include a, b, slightly greater than and slightly 
less than a and b. At the same time, corresponding test data 
should be designed for the predefined boundary values of 
internal data structure of the scenario (Table 3).

According to the key parameter list defined by scenario 
model, trace the specific meaning and value range, complete 
the equivalence class division and boundary value process-
ing, and finally generate the corresponding test data as input 
of test scenario. At the same time, the data need to be com-
bined with logical path to form a test case, that is, the basic 
test path needs to be generated from SysML behavior model.

4.2 � Test path generation

Considering the characteristics of SysML behavior model, 
the scenario model is first defined formally, and then simpli-
fied into a structured directed graph. The search algorithm 
is used to traverse and combined with test coverage criteria 
to generate test path. Since the direct traversal of behavior 
model in a complex flight scenario may lead to path explo-
sion, the loop and concurrency modules in the model need 
to be simplified first.

Formal definition refers to the transformation of unstruc-
tured SysML behavior models into tuple based on the prin-
ciples of mathematical sets. Each graph corresponds to a 
tuple. The tuple contains action state node, object node, rela-
tionship between nodes, flow relationship between state and 
object, as well as the collection of initial nodes, end node. A 
tuple can formally describe the activity diagram completely.

Refer to the formal method of SysML, define the activity 
diagram as a tuple form, AD = (A, O, T, C, F, aI, aF), where 
A is the set of active states, and O is the object node set, 
T is the set of transition edges, C is the control condition 
on the transition relationship, and F is the flow relation-
ship between state and object. aI represents the initial activ-
ity state; aF represents the termination activity state; DN 
(Decision Node) is the branch node; MN (Merge Node) is 
the branch merge node; FN (Fork Node) is the concurrent 
bifurcation node; JN (Join Node) is Concurrent convergence 
node [19–21] (Fig. 6).

After the formal definition, the loop structure and concur-
rent structure of behavior diagram need to be identified and 
simplified. The loop module refers to the loop part, from 
loop entrance to exit node. The entrance, exit nodes, and 
all nodes on the path form the entire cycle module. The 
loop module is simplified into a branch structure, and the 
compound node L is used to represent the loop path. The 
test path passes through the compound node L once, which 
means it passes through the loop path once (Fig. 7).

Table 2   Parameter value range

Parameter Ranges

Indicated airspeed (knots) 200 320
Radio altitude (ft) 0 3000
Terrain closure rate (FPM) None None

Table 3   Parameter boundary value

Parameter Boundary value

Indicated airspeed (knots) 200 320
Radio altitude (ft) 30 1220 1650 2450
Terrain closure rate (FPM) 2038 3545 5733 9800
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The concurrency module refers to the existence of mul-
tiple paths between the entry and exit nodes. Replace the 
concurrent module with composite node X. Similarly, the 

test path passes through the composite node X once, which 
means it passes through the concurrent module once (Fig. 8).

The basic idea of test path generation method based on 
search algorithm is to transform the test path generation 
problem into optimization problem of function solution, 
and then solve it through a deep search algorithm. In the 
process of problem transformation, it is necessary to select 
test coverage standard according to actual test requirements. 
Then, the coverage criterion is abstracted as a fitness func-
tion to guide the candidate solution set to evolve toward the 
optimal solution. The test path set that meets the conditions 
is obtained after multiple searches.

This article uses basic path coverage criteria to generate 
test paths based on search algorithms. Traverse the nodes in 
set A and add them to the test path one by one. For branch 
nodes of the simplified model, the corresponding test path is 
obtained according to the number of branches. And continue 
to traverse in subsequent nodes, until traversing to the end 
of active node. The traversal ends and the final test path col-
lection is obtained (Fig. 9).

After searching the behavior diagram to obtain test path 
set, it is also necessary to sort the interior of simplified struc-
ture described above to generate internal test path. Combine 
the two parts to get the final test path set.

4.3 � Test case generation

According to the relationship between behavior and param-
eter information in behavior model, the test path and data are 
combined to obtain final test case. Take the ground proxim-
ity warning function verification scenario in this article as an 
example. As test path is determined, the judgment conditions 
on the path can be converted into constraints of key param-
eters. Filter the generated test data based on constraints. 
All data combinations that conform to the current test path 
should be combined with the path to form test cases, so that 
the coverage rate of scenario can be achieved.

The test cases applicable to this scenario are given below 
for reference.

Test case 1: Start → Aircraft flies along the expected tra-
jectory from initial position → The flap position is not in the 

Fig. 6   Simplify the model to a control flow graph

Fig. 7   Loop module simplification

Fig. 8   Concurrency module simplification
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landing configuration → Mode 2A can be triggered → The 
current warning threshold is determined according to the 
airspeed of 252 knots → Min terrain clearance is 1500 feet, 
closure rate is 4000 fpm, and closure rate drops by 20 per 
second → Failed to enable the mode 2A warning → Circula-
tion judgment → Exceeding the reserved time T → Pull up 
and maneuver → Notify ACC → Climb to safe level.

Test case 2: Start → Aircraft flies along the expected tra-
jectory from initial position → The flap position is not in the 
landing configuration → Mode 2A can be triggered → The 
current warning threshold is determined according to the 
airspeed of 220 knots → Min terrain clearance is 1400 
feet, closure rate is 3545 fpm, altitude change rate is -20 
fps → Enable mode 2A warning in 10 s → Pull up and 
maneuver → Notify ACC → Climb to safe level.

Test cases can be converted into time series data tables, 
which can be used as input and output for simulation verifi-
cation, such as MBSE modeling tool simulation, MATLAB 
real-time simulation, etc. Taking test case 2 as an example, 
the relevant parameters can be converted into time series 
data table shown in Fig. 10 below.

The threshold curve of MKV-A can be used to illus-
trate the process of test case 2. As the min terrain clear-
ance decreases, the aircraft state can trigger a warning in 
Mode 2A, corresponding to the red mark in Fig. 11. After 
the recovery maneuver, the aircraft’s altitude gradually 
increased and the warning stopped.

The Aerospace Blockset toolbox of MATLAB was 
used to build the simulation model, and the parameter 
timing table of the test case was imported through the 
reserved interface for simulation testing, and the simulated 
"Warning" alarm results were compared with the expected 
results, as shown in Fig. 12.

The ground proximity warning function only needs to 
verify that the warning logic meets the design require-
ments and has no relation to the aerodynamic performance 
of the aircraft itself, only the min terrain clearance and 
closure rate as parameters for logical judgement. The 
results are, therefore, influenced by the accuracy of actual 

Fig. 9   Search algorithm

Fig. 10   Part of the data converted by test case 2
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terrain data and the simulation results may differ from the 
expected results.

5 � Conclusion

This paper proposes the verification method based on typi-
cal civil aircraft operation scenario. The verification pro-
cess includes scenario definition, modeling, and test case 
generation. Based on the characteristics of civil aircraft 
operation scenarios, the article uses SysML behavior dia-
grams containing key parameters and timing information 
for modeling, which can support subsequent scenario-
based verification and closed-loop simulation. In view 
of the complex structure of scenario model, during the 
formalization process of SysML model, the article iden-
tifies and simplifies the loop and branch structure that 

easily lead to path explosions. Search algorithm is used to 
improve the efficiency of test case generation. This method 
can be extended to other verification process for typical 
operation scenarios.

Compared with the method of Requirement-based Veri-
fication, the Scenario-based Verification focus on cross-
linking relationship between different systems. In the com-
plex operation scenarios of civil aircraft, this is reflected 
in the interaction between different aircraft systems and 
different participants. The method of generating test cases 
based on scenarios follows the concept of model-based 
testing. The difference lies in the need to build test sce-
narios from flight process. The verification of operating 
scenario can meet the coverage requirements of test target 
more easily.

In future, the work will focus on improvement, opti-
mization and promotion of method. First of all, scenario 
modeling needs to make full use of activity diagram, 
sequence diagram and state diagram. The activity dia-
gram model that has been completed so far is inferior to 
other model diagrams in the performance of system state 
transition and timing relationship; second, in the process 
of generating test data, consideration should be given to 
scenarios where there are many key parameters. Using the 
method of generating orthogonal test arrays can reduce the 
number of test trials; finally, the combination method of 
test data and path needs to be standardized to improve the 
efficiency of test case generation, thereby supporting the 
verification of more complex scenario models.

Fig. 11   Aircraft state and threshold curve

Fig. 12   Comparison of expected 
results and simulation results
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