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Extending Behaviour-Driven Development of Avionic
Systems to Flight Simulators

Mohamad Ibrahim1, Umut Durak2, Haseeb Tariq3

Abstract: The role of avionics is crucial for several aircraft functions, from communication to collision
avoidance. Amongst others, modern air transportation is the result of the continuous improvement in
avionics technology. One of the recent trends in avionics software engineering is streamlining the
process with practices that remove the disconnects between the activities to achieve a cost-effective
and agile engineering life cycle, allowing to cope with the volatile requirements found in emerging
segments such as Advanced Air Mobility. Behaviour-Driven Development (BDD) is one of these
practices; it connects requirements to (acceptance-) testing. There are already efforts in adapting BDD
for avionic systems. This paper proposes extending BDD of avionic systems to flight simulation. It
presents an approach for using the requirement specification language of BDD, Gherkin, for setting
up the test scenarios and the test framework of BDD, Cucumber, as a test oracle.

1 Introduction

Inspired from the other software engineering domains, avionics is also striving to remove
disconnects between its activities. To achieve an agile process and the software engineering
continuum, practices like Test Driven Development (TDD), Continuous Integration (CI)
and Continuous Deployment (CD) are considered. TDD bridges the gap between the
implementation and testing, whileDevOps-related practices likeCI andCD focus on bridging
disconnects between development, deployment, and operation. This paper promotes BDD
(an enhancement of TDD) as a method to bridge yet another gap: it connects requirements
to (acceptance-) testing.

Beginning from the early work of North [No06] with the introduction of BDD, agile methods
were adopted to connect the functional requirements with the textual descriptions that
specify requirements over tests. BDD mainly targets obtaining an executable specification of
the system’s run-time behavior. It depends on Acceptance Test Driven Development (ATDD)
but is different in some aspects such as tests are specified in ubiquitous language, Gherkin
[SW11]. It is supported by several test frameworks, some of which are Cucumber[WHT17],
JBehave[No03], and RSpec[Al09].
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In the previous work, [ZDT21], BDD is demonstrated to be an effective way to capture
DO-178C [Ra11] high-level requirements and use them for acceptance testing. The approach
was demonstrated with an example where the requirements of a Class-C Terrain Awareness
and Warning System (TAWS) are captured using Gherkin and the implementation in Rust is
tested with Cucumber. The focus was on automated testing. Nevertheless, in this paper, we
aim to extend BDD to ground-based testing of avionic systems with flight simulators.

It is a commonpractice today to test avionic systems on ground integration test facilities before
flight tests. These facilities usually also incorporate flight simulators. Examples include
Boeing’s 777 System Integration Lab which provides realistic simulation capabilities in an
airplane-like environment [LL00], F-35 engineering laboratories where flight simulators
are used from multi-ship simulations to Hardware in the Loop (HIL) testing [La08] and
the System Integration Lab of the Korean Utility Helicopter [Ki08]. In another previous
work, Ulbig et al. [Ul19] promote a test continuum with extending x-in-the-loop for modern
avionic systems to the flight simulators. There we identified two major challenges. The first
one is deriving test scenarios from the requirements. It requires a considerable effort to
design simulation scenarios from classical “shall” statements. Then their coverage needs to
be verified, based on the assurance level, even with independence [Ra11]. Furthermore, the
scenarios need to be encoded to machine-readable format for setting up the simulator and
documented in a machine-readable format for the pilot briefing. The second challenge is
collecting the test results, or better said, the evidence that the requirements are met during
the simulation of these scenarios. It usually involves the post-processing of simulation logs.
The traceability of data to test cases is also not carefree.

As a follow-up of [ZDT21] and [Ul19], in this paper, we investigate how we can integrate
BDD with man-in-the-loop testing in a flight simulator to tackle the above-mentioned
challenges. The aim is to check the high-level requirements of the avionic system captured
in Gherkin during the simulated flight and collect evidence regarding the correct behavior
or an error. The promise is using Gherkin, the ubiquitous language for human-readable and
machine-executable requirements, and the effort in test scenario development, simulator
setup, and pilot briefingwhile providing natural traceability.Moreover, integratingCucumber,
the test framework into a flight simulator to collect test results during the simulation time.
The paper presents a simple but representative demonstrator for the approach where a TAWS
is tested with the open-source flight simulator FlightGear [Pe04].

Behaviour-Driven Development (BDD) was explored in Avionics to achieve either automa-
tion of the testing procedure [BLP17] [BLP18], or to automatically generate test code
from Behaviour-Driven Development (BDD) scenarios [NLM18]. In [BLP18] the authors
motivated by the fact that integration tests are described by domain-specific terms, have
used Behaviour-Driven Development (BDD) frameworks to organize and automatize test
procedures for performing the integration testing on avionics systems. In another aspect,
Behaviour-Driven Development (BDD) scenarios have been used to generate test code
for the verification of timing behavior of real-time software as demonstrated by [BLP18].



Extending Behaviour-Driven Development of Avionic Systems to Flight Simulators 147

In contrast to these approaches, ours uses the expressiveness of the Behaviour-Driven
Development (BDD) format to help automate the simulation-based testing.

2 Behavior Driven Development

BDD is defined as “implementing an application by describing its behavior from the
perspective of its stakeholders” [Ch10]. It promotes a semi-formal ubiquitous language
Gherkin for defining the required behaviors in an accessible way to all the stakeholders of the
system. The aim is a single representation for the executable as well as the human-readable
specification of a system [OF16]. Gherkin is the common language to write features,
particularly for the Cucumber test automation frameworks [WHT17]. Despite it is not a
Turing Complete language, Gherkin has a grammar enforced by a parser. The idea traces
back to Evans [Ev04] who highlights the linguistic divide or the language fracture between
the domain expert and the technical team that leads to vaguely described and vaguely
understood requirements.

Fig. 1: BDD in Plan-Design-Test-Release Cycle (Adapted from [Ya18])

BDD is built upon the features that are described by Gherkin. They are system capabilities
that create a benefit to its users. A feature is described by a title, a brief narrative, and
several scenarios. Scenarios are concrete examples to describe the desired behaviors of the
system, hence serving as acceptance criteria. Executing concrete examples turn the desired
behavior into acceptance criteria. BDD calls this automated acceptance testing. A scenario
in Gherkin described using Given, When and Then statements. An example Gherkin feature
is given in List. 1. Given is used to describe the context of the system, the state of the system
before an event.When is used to specify the event(s) and eventually, Then is used to give
the outcome(s). BDD provides a means to implement the Plan-Design-Test-Release cycle
(Figure 1) where the features in Gherkin define the expected behavior, and their executing
in Cucumber is the acceptance testing.
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Feature: Five Hundred Foot Callout

Scenario: Aircraft less than 500 feet above the terrain

Given Altitude callout is not inhibited

When Aircraft descends under 500 feet above the terrain

Then Within 1.3 seconds Five Hundred Foot Callout is given

List. 1: An Example Gherkin Feature

3 Human-in-the-Loop Testing with Behaviour-Driven Development

The BDD approach advocates a requirements-driven software development, where the
requirements are formulated as human-readable andmachine-executable scenarios. Scenario-
based Requirements elicitation is not an established approach in avionics. Nevertheless,
we claim that scenario-based approaches empower simulation-based testing, thence pro-
posed capturing DO-178C high-level requirements using Gherkin and utilizing them for
requirements testing [ZDT21].

Simulation-based testing refers to testing the System Under Test (SUT) in a closed loop with
the simulated plant and the environment in real-life scenarios [KDM18, Ul19]. Different
configurations of simulation-based testing are classified under X-in-the-Loop. Human-in-
the-loop testing refers to the cases where the operator, the human, is also used to close the
loop. Testing avionic systems with flight simulators, where the pilot flies the simulated
aircraft is a typical example of this type.

A simulation scenario is defined as the specification of initial and terminal conditions,
significant events, and the environment as well as the major entities, their capabilities,
behavior, and interactions over time [To16]. Durak and his colleagues have been working
in formal simulation scenario definition for flight simulators since 2017 [Du17]. They
developed a computational representation [Du18a] for their scenario modeling approach, as
well as the required tooling [Ch19]. This approach is based on a higher level ontology System
Entity Structures (SES) [Ki90] that was developed for modeling variable-structure systems.
It is a declarative knowledge representation scheme that specifies the structure of a family
of systems in using decomposition, component taxonomies, and coupling specifications and
constraints. They propose to develop a metamodel for the scenario language using SES and
use this metamodel to define complete, consistent, and correct simulation scenarios either
manually or by automatic means.

In recent work, Durak et al. [Du18b] exercised a formal simulation scenario development
approach for simulation-based testing of avionic systems. In that work, they encountered
two problems, both of which required extending the simulation scenarios. They tackled
the first one, traceability and coverage of the test scenarios to the requirements by using
Classification Tree Method [GG93]; they extended the scenarios with the classification
information. The second challenge was about the expected behavior, which Simulation
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scenarios normally do not encompass, however, test scenarios do. That meant also adding
expected behavior to the simulation scenarios, which will be addressed in this work.

Fig. 2: BDD with Flight Simulators

On the other side, Gherkin is providing means to define test scenarios using the Given-
When-Then template. While Given is used to describe all the related entities and their
states and parameters, When is used to describe the course of events. This is normally
what is required to simulate a scenario. Nonetheless, Gherkin provides the Then statement
that comprises expected outcomes, which the test oracle requires. The downside is, the
statements in Given-When-Then are missing formal bases, or better said, do not adhere to an
ontology, thereby it is not possible to claim properties such as completeness or consistency.
However, that is now planned for future work.

We claim that using BDDmay enhance human-in-loop-testing twofold. First, Gherkin, being
both human and machine-readable, can be used to initialize the simulator at the desired
state (Given statement) instruct the pilot what to fly (When statement), and specify the
success criteria to test framework (Then statement). Second, Gherkin, being the requirement
specification, and the test specification at the same time provides formal traceability evidence
between the test cases and the requirements.

Figure 2 provides a model of the proposed approach. Both the machine, the Cucumber, and
the man, the Tester use the same high-level requirement specification in Gherkin Feature.
Cucumber passes the Given statement of the Gherkin Feature to the Scenario Manager of
the Flight Simulator to initialize the simulation run. The Tester passes the When statement
of the Gherkin Feature to the Pilot as the briefing for the simulated flight. During the
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simulation, Flight Simulator passes the data requirements of the When statement to the
Cucumber which decides and logs the test results.

Fig. 3: Traceability and Coverage for High Level Requirements in DO-178C [Ra11]

In Figure 3, we present briefly the DO-178C objectives A-7.3 and A-6.1 corresponding
activities regarding the traceability and coverage of high-level requirements over the test
flow. While the A-6.1 asks the executable code to comply with the high-level requirements,
it references activity 6.5 for traceability. 6.5.a is about showing the bidirectional association
between the software requirements and the test cases, 6.5.b is between test cases and test
procedures and 6.5.c is for test procedures and test results. A-7.3 asks for the test coverage of
high-level requirements. The corresponding activity, 6.4.4.a, is about the analysis that shows
the test coverage for high-level requirements is achieved. Having a unified representation of
the requirements, test cases, and test procedures as Gherkin features will be providing the
necessary evidence regarding the traceability and the coverage. Their execution with the
test framework, Cucumber, will extend the traceability to the test results.

4 Demonstrator

The realization of the approach will be presented with a demonstrator, where the sample
SUT is a TAWS application. The purpose of TAWS is to provide aural and visual alerts
to the flight crew to increase terrain awareness and reduce the Controlled Flight Into
Terrain (CFIT) accident risk [LB03]. Generally, there are two types of alerts distinguished
based on the severity of the alert. Those alerts require immediate flight crew awareness. but
less urgent responses are called Caution Alerts. Whereas the alerts which require immediate
awareness, as well as swift action by the flight crew, are called Warning Alerts.

Feature: Mode 1: Excessive Rate of Descent

The Mode 1 alert is intended to generate caution alerts and time -critical

warning alerts when the aircraft has a high rate of descent relative to its

height above terrain. Mode 1 is active during all segments of flight. In

order to reduce nuisance alerts during steep approaches , an optional set of

alerting curves may be employed when the aircraft is performing a steep

approach. The determination if a steep approach is in progress can either be

based on an input to the Equipment (such as a pilot -activated steep approach

switch) or it can be based on internal logic (such as comparison of aircraft

position to approach profiles in a database).

#Rule: Standard Caution Envelope
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Scenario Outline: Must Alert

Given the plane is flying at 2000 feet

And Mode 1 is armed

And Mode 1 is not inhibited

And steep approach is not selected

When the height is between 100 feet and <height > feet

And the rate of descent becomes at least <rate of descent > feet per

minute

Then a Mode 1 caution alert is emitted within 2 seconds

Examples:

| rate of descent | height |

| 4000 | 1600 |

| 2200 | 650 |

| 2000 | 200 |

List. 2: Gherkin Feature for Excessive Rate of Descend

An example Gherkin feature for Excessive Rate of Descent is given in List. 2. It specifies the
requirement that TAWS shall generate an alert when the aircraft has a high rate of descent
relative to its height above terrain. Similarly, we can write the Gherkin features for other
modes of TAWS.

Cucumber feature is run using the command ‘cucumber’ followed by feature file name. To
run all the features in a directory, the “cucumber” command without any filename is used.

Cucumber-CPP [Sm] is an implementation of Cucumber that supports writing the step
definition in CPP. The workflow of Cucumber-CPP is depicted in Fig. 4. Like in other
Cucumber implementations, the requirements are specified as Gherkin features in feature
files. A feature file may have one or more scenarios, and each scenario has one or more
steps written in Gherkin syntax. Likewise, every step has a corresponding step definition
realized in the target programming language -in this case, CPP. The step definition acts as a
link between the executable environment and the requirement/test specifications (features)
in the Cucumber framework. Afterward, the framework compares the execution result to
the expected behavior expressed in the scenario. The step definition should correspond to
the feature file’s statement, i.e. the case, text and variable data specified in a feature file
step should exactly match with that of step definition file. Similarly, the parameters that are
passed should also be the same type.

The Cucumber testing procedure commences from the feature file sequentially one step at
a time, finds the corresponding step definition, and executes the functions within. Since
Cucumber step definitions are based on the GTest library, two methods can be used to check
the execution result, namely expect and assert statements. The step that ends with these
statements is considered to be decisive. Meaning that if the criterion is satisfied in the expect
statement, the step is successful and the BDD continues to the next step. The difference
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Feature Files
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Steps

Scenario  
Extraction
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Step Definitions
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steps
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Uses

Execution Envionment

Executes Step  
Definitions

Fig. 4: Work flow of Cucumber-CPP

lies in that failure in expect will not interrupt the testing procedure, while the assert failure
results in termination of further execution of BDD.

There are three main aspects in the realization of the investigated testing mechanism;
implementing TAWS and running it on real target hardware, interfacing cucumber with
FlightGear, and interfacing FlightGear with TAWS module. in Fig. 5 is the deployment
diagram of the testing process’s implementation.

The interface between TAWS module and FlightGear is cross-platform, between two
physically different machines, as portrayed in Fig. 5. The first platform -hosts the Cucumber
platform the FlighGear simulator- is an x86 PC running Windows 10. The second is a
PowerPC-based platform running PikeOS [Gm] on top of a Curtiss-Wright development
hardware. The development hardware includes a backplane that puts together a Rear
Transition Module (RTM) RTM3-152 I/O board and a VPX3-152 board computer with
NXP’s quad-core PowerPC Architecture QorIQ T2080 processor. The interface between
the two takes place over Ethernet. The test I/O partition handles the software part of the
communication by utilizing the RTM I/O board.

As a proof of concept, we implement the six modes of TAWS according to the Minimum
Operational Performance Standards (MOPS) fromDO-367 [RT17]. List. 2 shows an example
Gherkin feature for the Mode 1, Excessive Rate of Descent.

TAWS module is implemented in C to be executed on the target operating system; PikeOS.
PikeOS is an embedded real-time operating system and virtualization platform from Sysgo
GmbH. It includes an Eclipse-based Integrated Development Environment for developing
embedded applications in C. The source code is linked with PikeOS; afterward, Codeo
is used to compile the source code and package the executable as a PikeOS image, and
then U-Boot was used to load it to the development system hardware. PikeOS provides a
partitioned environment that complies with the ARINC 653 [SA12]. We designed a two-
partition setup; TAWS module resides in one, while the other houses a test I/O application
that controls the testing procedure and communication channels. The test I/O streams live
data from FlightGear and send it to TAWS partition; afterward, it retrieves any alert and
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sends it back to Cucumber Framework through FlightGear. Cucumber uses these data to
check if it corresponds to the correct behavior modeled in the feature files.

The Cucumber framework is connected with FlightGear using HTTP JSON and Telnet. We
use system calls from the Cucumber framework to initiate FlightGear. The configuration of
FlightGear such as setting/retracting flight sessions are carried out using Telnet commands,
then the control is handed over to the human pilot. The pilot takes advantage of the
human-readable specifications defined in the steps of the feature file. Those specifications
guide the pilot on how to fly the aircraft to the limits which trigger behaviors that are under
testing. When the expected behavior is received from the TAWS module it is compared
against the criteria conditions defined in the feature file, and When this criterion is fulfilled
then the test is considered passed.

A pivotal interface in man-in-the-loop testing is the one between the pilot the testing
framework. While the pilot flies a specific scenario based on the gherkin feature, he will get
notified of the output of the SUT in real-time. This real-time feedback is a good indication
for the pilot of which behavior has triggered which alert. At the end, there is a report
generated in the form of Scenario, Result.

«executionEnvironment»
x86 PC

«executionEnvironment»
PowerPC Embedded System

«Operating system»
PikeOS

«framework»
Tester - Cucumber Cpp

«Infrastructure»
Curtiss Wright Development System

Mode 2

«Simulator»
FlightGear

Mode 1
«Partition»

TAWS (SUT)
«Partition»

Test I/O

«Component»
I/O Board RTM3-

152

«Component»
Computer Board

VPX3-152Pilot

«use»

«flow»

«use»

«use»«flow»

«flow»

«flow»

«use»

Fig. 5: Tester and SUT deployment diagram

5 Conclusion

This paper is a part of an effort that pushes classical avionics software engineering to
agile practices. It extends the utilization Behaviour-Driven Development (BDD) for avionic
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systems to flight simulators. It aims at an effective approach for traceability of high-level
requirements, test cases, test procedures, and test results. The paper present how the
requirement specification language of BDD Gherkin can be used to define the high-level
requirements, and how the test framework of BDD, Cucumber can be used in testing avionic
systems using flight simulators. The approach is demonstrated with an example application,
where it is employed for testing a Terrain Awareness and Warning System (TAWS) using
FlightGear.

The experience showed that the Gherkin specification is well suited to communicating the
test cases with the pilot, setting up the simulation environment, and evaluating the test
results. However, there exist no guarantees for the completeness of the required information
regarding the simulator setup in the Gherkin specifications. The Given statements are rather
intended to describe the particular state that is relevant to the described feature. There is a
need to identify mechanisms for assuring the completeness of the simulator’s initial state.
There we see a prospective lead if we integrate a formal simulation scenario definition
language to the requirement specification activities. The future work is thereby developing
an approach for backing Gherkin features to a domain ontology.
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