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Abstract

A single-piloted ultralight aircraft implies a lack of safety redundancy. Introducing a pilot assistance system
onboard to support and guide the pilot in decision-making, in nominal as well as in non-nominal situations,
enables a reduction of the cognitive load, thus increasing flight safety. Al-planning techniques such as Hi-
erarchical Task Network (HTN) planning can be used to generate strategic plans consisting of instructions at
multiple levels of hierarchy to guide the pilot. In this paper, we recall how cockpit tasks can be modelled for HTN
planners. Subsequently, we describe an approach for the efficient communication of the generated strategic
plans as instructions at different levels of hierarchy through visual channels. We evaluate the communication
approach using human-in-the-loop tests and find that the proposed approach is viable.

Keywords: Al-planning, Adaptive assistance system, Hierarchical planning, Plan visualisation, Flight guid-
ance, Ultralight

1. Introduction

Ultralight (UL) aircraft have a very limited take-off weight [1], e.g. a maximum takeoff weight (MTOW)
of up to 600 kg is allowed in Germany. They can also be piloted by less experienced amateur single
pilots, and lack the assistance systems that are ubiquitous in commercial and military aviation. Be-
cause of this, UL aircraft are more susceptible to errors induced by human factors. The incorporation
of intelligent Pilot Assistance Systems (PASs) in UL cockpits has been identified as an appropriate
measure to reduce the number of fatal outcomes resulting from such errors [2]. Such PASs are
expected to guide the pilot on how to perform typical tasks in the cockpit, either on request or proac-
tively. Simultaneously, they continuously monitor the pilot’s activity in the cockpit so that the guidance
provided is contextual, essentially emulating the role of a co-pilot. This makes UL aircraft an ideal
test-bed for Single Pilot Operations (SPO).

Based on the assumption that UL-pilots possess different levels of knowledge and, depending on
their experience levels, some may not know how to react in in-flight emergency situations resulting
from defects of the aircraft components. Furthermore, due to the less strict medical and training re-
quirements, medical conditions or lack of knowledge can cause reduced pilot capabilities, potentially
resulting in fatal in-flight accidents. To reduce the risks of fatal accidents, we developed a pilot assis-
tance system called FRICO (i.e. FRIendly COpilot) for single-piloted UL aircraft, where methods from
automated planning are applied to assist the pilot, especially in critical emergency situations [3], 4].
Strategic flight plans for the guidance of the pilot to safety are automatically generated using hierar-
chical planning [5], while automated context determination is performed by inferencing from passively
observable data (e.g. tracked gaze, interactions with the cockpit instrument panels and controls) [6],
as well as an interactive goal-directed dialog system [7]. Automated context determination is essential
to ensure that plans generated for flight guidance are relevant, and are therefore life-saving in emer-
gency situations. However, little has been done to investigate the communication of the generated
plans using HTN planners, which are formally in forms of task networks, to the pilot.



Generation and Communication of Strategic Plans at Different Level of Abstraction

This paper introduces an approach to communicate the assistance generated using HTN planners in
the form of strategic plans to the pilot. We first provide an overview of the related work in Section
| This is followed by a brief background on our previous works on the system architecture of FRICO
and how HTN planning can be used to model typical cockpit tasks used as domain knowledge to
generate strategic plans in Section 3. Subsequently, we describe our recent work on communicating
the strategic plans as instructions at different abstraction levels in Section 4. A preliminary evaluation
of the proposed approach is provided in Section [5to obtain feedback from users on their acceptance
of the developed assistance system.

2. Related Work

A single-pilot cockpit with onboard support is seen as a possible means for a reduction of opera-
tion and labour costs while maintaining the utility of the dual-pilot cockpit in commercial aviation [8].
Several modalities for SPOs exist, as shown in a survey in [9]. One popular modality is to replace
the second pilot with automation and ensure that automation is capable of taking over the tasks of
the second pilot and that the omission of the second pilot does not induce a higher workload on the
remaining pilot. Examples include a Cognitive Pilot-Aircraft Interface (CPAI) presented in [10], and a
support system introduced in [11]. In [10] cognitive state estimation is combined with physiological
sensing to facilitate pilot-aircraft interaction and prevent human pilot errors.

Since assistance systems in aviation aid the pilot in performing various cognitively demanding tasks
like planning and decision-making in an automated fashion, the trend has been towards incorpo-
rating advanced Al techniques into the assistance systems to augment their capability. Approaches
based on knowledge-based systems [12], fuzzy logic and expert systems [13], Hidden Markov Models
(HMMs) [14] and probability theory in combination with automated planning [4] can be found. In the
related subdomain of automated driver assistance systems, various machine learning approaches
have been proposed [15, [16].

In [17], an approach to provide timely assistance and relevant flight information to the pilot according
to the flight context was studied. This approach leverages speech-based interaction, where the pilot
can either request the information directly or is provided information via contextual notifications. The
abstraction level of the provided information is not discussed in the paper. However, it is desirable that
the abstraction level of the generated assistance should be adaptive, depending on the experience
level and current mental workload of the pilot. Automated hierarchical planners are well-suited to
generate plans that fulfil the aforementioned criteria and the investigation of their usability in the
aviation domain has recently gained traction.

According to Ghallab et al., automated planning is a branch of artificial intelligence that deals with the
process of “choosing and organizing the actions that can achieve the given objective” [18]. An action,
in automated planning, is something done deliberately by an agent, i.e. any entity capable of inter-
acting with its environment, in order to change its own state or the state of its environment [18]. The
domain knowledge is encoded into automated planning problems using domain description language
such as PDDL [19] and can be solved using domain-independent planners such as the Fast Down-
ward planner [20]. Classical planning is the most popular flavour of automated planning where finite,
static and deterministic world-assumptions are made without the notation of time [18]. Hierarchical
Task Network (HTN) planning is an extension of the classical planning problem, where hierarchical
structures can be included in the modelling of the problem domain. In UL cockpits, where one form of
assistance to be provided consists of the synthesis of a sequence of actions as a plan suggestion that
the pilot can carry out to reach his or her current flight objective or intent, automated planning lends
itself to be a suitable method. By using automated planning, pre-existing domain knowledge from
Pilot Operating Handbooks (POH) [21], 22] can be efficiently integrated into assistance generation.
An execution assistance system called CHAP-E based on hierarchical planning that guides the pilot
during various flight phases on the best course of action according to the state of the environment
has been introduced in [23]. In [24], plan and goal recognition as planning has been used to first
infer the pilot’s intent and to assist the pilot in performing the intent subsequently. In other domains,
hierarchical planning has been used to generate instructions at multiple levels of hierarchy in [25] and
for the generation of instructions for Do-It-Yourself in home improvement setting [26].
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Various plan visualisation approaches have been developed in the literature. A web tool to visualize
planning domain and solution plans has been introduced in [27]. An interactive visualization tool for
plans based on the Gantt chart has been introduced in [28]. A tool for the communication of the
branching plans (plans with multiple branches that can lead to the goal), where the plan is commu-
nicated as a radial graph for human-agent decision-making, has been developed in [29]. Similarly, a
tool to visualize HTN has also been developecﬂ These desktop tools, however, are not designed for
the interactive communication of plans at different abstraction levels in an UL cockpit and are thus
not applicable in our use case. The interactive communication allows the pilot to self-determine at
which level of detail the strategic plans are communicated.

3. Background
3.1 FRICO
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Figure 1 — System Architecture of FRICO [4]

FRICO, an Al-enabled PAS, has been developed in [3]; its ability to recognise the actions performed
by the pilot and to infer the pilot’s intent for performing these actions has been demonstrated in [6].
FRICO consists of functional modules for context recognition, plan generation and human-machine
interfacing (HMI) (Figure [). Intent recognition in the form of goal tasks and action recognition are
submodules that constitute the Context Recognition Module (CRM). The CRM is also complemented
by the HMI for acquiring information on the current flight context from the pilot via a cockpit dialog [7].
In contrast, the Plan Generation Module (PGM) comprises modules for computing strategic and tac-
tical plans [4]. Action recognition and tactical plan generation are carried out using a Bayesian state
estimation method and numeric planning respectively; strategic plan generation is performed using
Hierarchical Task Network (HTN) planning [5], and intent recognition is carried out using techniques
from plan and goal recognition as hierarchical planning [30], while basing on the same HTN model
used for strategic planning. The HMI consists of dialogues and panels (glass cockpit and informa-

1https ://github.com/Maumagnaguagno/HTN_Plan_Viewer/
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tion panels), and is used to provide the pilot with flight-related information. The pilot’s flight-related
requests are also received through the HMI before being processed.

3.2 Hierarchical Task Network Planning for Strategic Plan Generation

We consider the problem of generating a strategic plan to guide the pilot on performing typical cockpit
tasks according to the POH. The substeps to execute the strategic plan that are related to each other
or are needed to be performed during a particular flight stage can be logically grouped together.
Depending on the experience level of the pilot, either each individual substep within the strategic
plan is required to instruct the pilot or a higher level step is adequate. Furthermore, there can be
constraints on the ordering in which individual substeps should be executed. This necessitates the
generation of plans at multiple levels of hierarchy with ordering information and can be accomplished
by using the Hierarchical Task Network (HTN) planning. HTN planning is an extension of classical
planning. Unlike classical planning, in HTN planning, the planner’s objective is described not in terms
of a goal-state that has to be achieved, but instead as a collection of tasks to be performed. Starting
from an initial task network, decomposition is carried out recursively until the primitive tasks have
been reached. We now explain the modelling of cockpit tasks and HTN terminology with the help of
a simplified model of the task "land airplane" (see Figure [2).

land_airplane

m_land_airplane

prepare_landing execute_landing

m_prepare_landing

.— lower_flaps_and_align

keep_nose_down

D reduce_throttle

N N N N
D keep_nose_up ‘D apply_brakes ‘

D lower_flaps align ‘

D maintain_airspeed

Figure 2 — Example procedure to perform the task "land airplane”

"Land airplane” is the identifier of the task to be decomposed into two compound subtasks: prepar-
ing the landing and executing the landing. In Figure [2] the tasks inside a rectangle are the so-called
compound tasks. These can be further decomposed into lower-level compound tasks or into primitive
tasks (encompassed in cubes in the figure) using a corresponding decomposition methO(ﬂ (repre-
sented by oval circles in Figure [2). Primitive tasks are tasks that can be executed by the agent.
Solving the planning problem entails finding out the complete decomposition structure given an initial
task identifier, such that the leaf nodes upon final decomposition consist only of primitive tasks. The
planner performs this by selecting the appropriate decomposition method for each compound task
within the task network.

Figure [3|depicts a snippet of the encoding of the example procedure from Figure [2 using the Hierar-
chical Domain Description Language (HDDL) [31]. By using this syntax, we can describe the ordering
information between the tasks, preconditions, and decompositions. We refer to [5] for detailed infor-
mation on the HDDL model of the UL domain.

4. Communication of Generated Plan

Once the generation of the strategic plan is complete, the generated plan has to be communicated to
the pilot. Typically, the plan can be generated using the progression search algorithm. The algorithm

2A compound task can have multiple decomposition methods. This allows the encoding of information that several
strategic plans be possible for one task.
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(:method m_land_airplane

:parameters ()

:task (land_airplane)

:precondition (and())

:subtasks

(and (taskl (prepare_landing))
(task2 (execute_landing)))

:ordering (and(taskl < task2)))

(:method m_prepare_landing
:parameters ( ?reduceThrottle - ReduceThrottle)
:task (prepare_landing)
:precondition (and )
:subtasks (and
(taskl (keep_nose_down))
(task2 (reduce_throttle ?reduceThrottle))
(task3 (maintain_airspeed ?airspeed))
(task4 (lower_flaps_and_align ?flapState 2alignState))))

(:method m_execute_landing
:parameters ( )
:task (execute_landing)
:precondition (and (p_isPerformed ?preparelanding))
:ordered-subtasks
(and (taskl (get_on_field ?location))
(task2 (keep_nose_up ?noseState))
(task3 (apply_brakes ?brakeSpeed))
(task4 (stop_airplane ?airspeed))))

Figure 3 — A snippet of the HDDL encoding of the task network presented in Figure

incrementally decomposes and executes the task, starting from the initial state towards the goal. The
state is continuously updated to reflect the effect of the execution. The progression search algorithm
within the PANDA frameworlﬂ can be parameterized such that either the plan with the lowest total cost
(each primitive task is associated with a cost value), or lowest decomposition length is generated. We
refer to [32] for a detailed description of the algorithm. The output of the progression search contains
a list of primitive tasks along with their identifiers and arguments, the root task and the decomposition
methods applied in order to obtain the primitive tasks. Thus, by controlling which decomposition is
shown, the level of hierarchy can be controlled. However, using solely the output of PANDA, it is
unclear whether the applied decomposition method is totally ordered or partially ordere Therefore,
it is not possible to infer the ordering of the tasks (to be communicated as instructions to the pilot).
Since the ordering information is essential for plan communication, to extract the ordering informa-
tion, we transform the generated plan using the progression search algorithm into a plan verification
problem within the PANDA framework. Then using the SAT solver, the output of which contains the
ordering information between the primitive tasks extracted from the input hierarchical task model (de-
fined in HDDL), relative orderings of the tasks can be extracted. The SAT solver finds a solution to the
planning problem by transforming the planning problem into a boolean satisfiability problem. Refer
to [33] for detailed information on how an HTN planning problem can be solved using a SAT-based
approach.

4.1 Plan Visualisation

With the ordering information and instructions (i.e. subtasks which are either compound or primitive
tasks) about the solution plan, inspired by Gantt chart-based visualisation [28], we develop a visuali-
sation system with colour-coded display elements on decomposability, as shown in Figure 4] Atomic
steps (or primitive tasks in the solution plan) within the strategic plans are shown inside a green
rectangle, while decomposable steps (i.e. compound task) are shown inside a purple rectangle that
has a white triangle in the lower right corner (see AN, in Figure [4a). The horizontal axis assimilates
the timeline, i.e. we display currently executable actions on the left side of a scrollable strategic plan

Shttps://github.com/panda—planner-dev
4Refer to the IPC output format documentation for detailed information: http://ipc2020.hierarchical-task.
net/data/format.pdf


https://github.com/panda-planner-dev
http://ipc2020.hierarchical-task.net/data/format.pdf
http://ipc2020.hierarchical-task.net/data/format.pdf

Generation and Communication of Strategic Plans at Different Level of Abstraction

display unit on our interface (see AN; in Figure [4a). The plan display unit can be scrolled either ver-
tically or horizontally to fit the content in the view. The user can zoom out using a pinching gesture
to fit the entirety of the plan into the plan display unit. If multiple subtasks are currently applicable
(i.e. they are partially ordered), then they are stacked vertically. The information on total ordering (i.e.
which subtask has to be performed before which subtask) is represented using a linear dependency
visualisation, where the subtask at the start of the line has to be performed before the subtask at the
end of the line.

If necessary, the pilot can click on the subtask denoted in blue to expand the plan with details on
how to perform the particular subtask. The expanded view is enclosed within a rectangle and is
connected to the parent subtask (see [4b] for an expanded view of subtask AN-) at a lower hierarchy
level. The expanded view can be collapsed by clicking on the higher-level subtask again. If more than
one subtask is expanded at any given time, only the hierarchy of the most recently clicked subtasks
is highlighted, while reducing the opacity of the previously expanded subtasks. This design decision
is taken so that the HMI is not overfilled with information and based on the assumption that the pilot
is mostly interested in the detailed decomposition of the subtask on which he/she currently clicks.

Task Name — | Task Name —

(a) Plan communication interface (b) Plan communication interface after the pilot
clicks on AN,

Figure 4 — Design of the plan communication interface

5. Preliminary Evaluation

The preliminary evaluation of the proposed approach for the generation and communication of the
strategic plans in different layers of hierarchy is performed in a realistic UL flight simulator. We choose
four different flight missions for evaluation, two nominal (i.e. landing the aircraft and taking off) and
two non-nominal (i.e. reacting to an engine fire and reacting to an electric fire).

5.1 Simulator

(a) Simulator (b) HMI with generated strategic plan displayed

Figure 5 — Simulator and HMI
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Question Question label
The generated hierarchy makes sense to me. Q1
It is clear to me, how to switch between different hierarchy levels. Q2
The ordering information between the subtasks is clear to me. Q3
The user interface is intuitive to use. Q4
The provided visualization of the strategic plan was clearly understandable. Q5
The control gestures are intuitive. Q6
The generated strategic plan helped me during the execution of the task. Q7

Table 1 — Questions included in the Likert scale questionnaire

Figure [5al demonstrates the simulator used for our evaluation. We use the commercially available
flight simulator X-Plane 11E] (i.e. Aerolite 103 aircraft model) to simulate the flight mission. The flight
data from X-Plane is communicated to the other modules using the ROS backbone defined in [4].
The outside view is projected using a 75-inch external display, while the glass cockpit and interaction
interface are displayed on a touchscreen. We use Thrustmaster Warthog HotasF_;] as flight stick and
throttle. The simulator skeleton is built using the Next Level Racing GTTRACK|

5.2 Experimental Design

To determine the usability of the designed interface, we conduct a preliminary evaluation. Five par-
ticipants (4 males and 1 female) are prompted to execute the aforementioned flight missions. The
flight missions are triggered in X-Plane using the so-called situation files. The situation files capture
all the necessary details including aircraft position and orientation as well as aircraft configuration
among othersﬂ The test persons are briefed on the workflow of the system. Subsequently, the test
person carries out the four flight missions while the strategic plan on how to perform the flight mission
is generated and communicated to the test person. Initially, instruction is provided without substeps
and can be expanded by the test person if desired. Upon completion of the mission, the test person
is instructed to fill out the 5-point Likert scale evaluation form. Specifically, we ask questions about
the generated strategic plan, the user interface and the overall perceived helpfulness of the system.

5.3 Resulis

Table [1]lists the questions we used in the Likert scale questionnaire. The result of the evaluation is
depicted in Figure[6] As seen in the Figure, the designed interface is perceived as intuitive by all test
subjects and all test subjects at least agree that the generated instruction helped them during the
execution of the task with a mean score of 4.4. The clarity of the ordering information was reported to
have a mean score of 4.0. The instruction generated by the planner for each of the cases was within
10 ms for each test mission and subsequent decompositions.

6. Conclusion and Future Work

This work focuses on the communication of strategic plans generated using an HTN planner as
instructions at multiple abstraction levels. These plans provide flight guidance on how to perform
typical cockpit tasks. The communication of the generated instruction is carried out through visual
channels. The designed system can represent the mutual ordering of the instructions and their
subsequent dependent instructionf] within the strategic plan.

In future works, various communication channels for the communication of the generated strategic
plan should be explored. For example, if the mental state of the pilot allows them to receive the

5https ://www.x—-plane.com/

6https ://www.thrustmaster.com/products/hotas-warthog/

7https ://nextlevelracing.com/products/next—level-racing-gttrack/

8https ://x-plane.helpscoutdocs.com/article/66-x-plane-11-10-situation-file-improvements

9These instructions should only be performed once the previous instructions have been completed and the additive
effects of the previous instructions satisfy the preconditions of the current instruction to be performed. A single instruction
is equivalent to the corresponding action of a strategic plan.
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Figure 6 — Result of the evaluation on Likert scale 1-5 (1; Completely Disagree, 5; Completely
Agree),n=5

instruction more efficiently through an auditive channel, then this channel can be prioritized to instruct
the pilot on instantaneous actions. Similarly, instead of mapping the name of the tasks (as modelled
in HDDL) of a strategic plan to the displayed instructions directly, natural language mapping can be
explored to make the instructions more intuitive. Similarly, human-in-the-loop tests can be extended
to include more test subjects. This will help to better assess the system’s usability.
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