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Abstract

There is an increased interest in Uninhabited
Aerial Vehicle (UAV) operations and research
into advanced methods for commanding and con-
trolling multiple heterogeneous UAVs. Research
into areas of supervisory control has rapidly in-
creased. Past research has investigated various
approaches of autonomous control and operator
limitation to improve mission commanders’ Sit-
uation Awareness (SA) and cognitive workload.

The aim of this paper is to address this chal-
lenge through a visualisation framework of UAV
information constructed from Information Ab-
straction (IA). This paper presents the concept
and process of IA, and the visualisation frame-
work (constructed using IA), the concept asso-
ciated with the Level Of Detail (LOD) indexing
method, the visualisation of an example of the
framework. Experiments will test the hypothe-
sis that, the operator will be able to achieve in-
creased SA and reduced cognitive load with the
proposed framework.

1 Introduction

Uninhabited Aerial Vehicles (UAVs) have been
used for many years. Advancements in tech-
nology and state-of-the-art research have allowed

the capabilities and functionalities of UAVs to ex-
pand [1]. Research has identified that more com-
plex missions can be achieved by combing the
capabilities of heterogeneous UAVs [3].

There is an increased interest in multiple
UAVs, which are heterogeneous in physical
form and/or capabilities, to work together. A
generic problem of supervision, or management
of these UAVs, especially in the one-operator-to-
multiple-UAVs (1 : n) paradigm is an active area
of research [2].

Past research has focused on different aspects
of a single operator managing multiple UAVs, in-
cluding human operators’ mental resources in su-
pervisory control of multiple UAVs [3]; estab-
lishing automation to assist with command and
control [4]; and task scheduling for managing
current and future mission schedules [6].

Cummings and Guerlain [7], and Cummings
and Mitchell [3] studied the operator mental ca-
pacity and demonstrated that an operator has the
mental capacity to supervise up to eight homoge-
neous UAVs. In their research, it was also iden-
tified that operator workload can be reduced [8]
with assistance from automation.

Other researches have also investigated su-
pervisory control of multiple UAVs through
scheduling of tasks [1, 9]. Task scheduling in-
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volves managing the time and information, tak-
ing into account the different reaction and wait
times of the human mental performance [3],
and automatically generate schedules for the ma-
chines to perform tasks, thus reducing the opera-
tors’ workload during a mission [9].

Although these approaches contribute to im-
prove managing multiple heterogeneous UAVs,
they have not directly addressed “what” informa-
tion and “how much” of this information should
the operator know when the UAV is at a certain
Level Of Autonomy (LOA), or the situation the
UAVs are being surrounding by (ie. unpredicted
weather behaviour which could affect UAV per-
formance).

To address this challenge, this paper proposes
a method of abstracting the information of each
UAV to form a framework in which information
is selectively displayed to the operator according
to its functional LOA.

2 Visualisation Framework

A framework of a generic UAV’s functional
(sub)systems and capabilities is constructed
through the application of an Information Ab-
straction (IA) process (further discussed in sec-
tion 2.1). This framework consists of high
Level Of Details (LODs) of a UAV’s functional
(sub)systems, layering down to more of lower
LOD.

In this paper, Level of Detail is the level de-
scriptor which indicates the how much in-depth
details about the UAV are to be visible to the op-
erator, the higher numerical value of the LOD,
the less information that is visible to the opera-
tor.

LOD can also be understood as layers, and in
each of the layers, more information is revealed
about the particular subsystem which it stemmed
from. And as shown in appendix Al, the compo-
nents in the framework are represented visually
(discussed in section 2.4).

2.1 Information Abstraction

IA is a process which determines the UAV’s en-
tire system and functional subsystems (which
outlines the UAV’s capability) to produce a struc-
tured framework based on the LODs of the sys-
tem and its subsystems. This process is similar
to the Abstraction Hierarchy (AH), in which a
hierarchy is formed based on abstracting system
functions [10, 11].

In the example shown in figure 1, UAV health
consists of many components, such as; the sta-
tus of the signals from ground communications,
positioning sensors, the latency or errors asso-
ciated with imagery data or telemetry commu-
nication, as well as internal (sub)system infor-
mation. From this, the UAV’s internal systems
will contain further subsystem information, such
as the control system health, fuel status, propul-
sion system health/efficiency, and hydraulic sys-
tem health. This information is abstracted from
a very broad system level, down to more a raw
information data, thus this process is called IA.

Viewing from a high LOD, the operator will
be exposed only to the main system components,
in a way which indicates whether that system
component is healthy and functional. If the sys-
tem is functioning correctly, an indication will be
shown, reporting to the operator that the system
component is operating as normal. Otherwise,
less healthy status will be displayed (using dif-
ferent indicators) to the operator that the system’s
health is abnormal.

By abstracting the UAV’s system information
and forming LODs, one can hypothesise that,
through the use of this adaptive approach to dis-
play UAV information, which reflects the UAV’s
capability, it is possible to reduce cognitive load
placed upon the operator, while allowing their
Situation Awareness (SA) of the UAV and its sur-
roundings to increase.

2.2 Framework Structure

As shown in the framework in Appendix A, the
type of generic UAVs chosen for this study in-
cludes three primary systems: UAV Health, On-
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board Data Systems, and Payload. At a very high
LOD, the operator should be receiving very high
level information and acknowledging the UAV’s
status and all its functionality is normal. The spe-
cific systems’ status during operations (the visu-
alisation of these information will be further dis-
cussed in section 2.4). That is, during operations,
the operator will understand whether the UAV’s
Health, Onboard Data Systems, and/or Payload
is at a functional and autonomous state.

In the next LOD, greater details are avail-
able for each of the main systems. For example,
under UAV Health, three more functional cate-
gories are included, as seen in Figure 1. Each
category/component reveals greater details of the
UAV’s particular system to the operator.
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Fig. 1 UAV Health branch with its sub-categories from

higher LOD (upper part of the framework) to lower LOD
(lower part of the framework).

The amount of detailed information is dis-
played according to which LOD a specific sub-
system should be displayed (depending on the
functional LOA and external situation). The
higher LODs of the framework indicate that
higher level information is displayed, this for ex-
ample is a single indication of whether a specific
system, i.e. health monitoring system, is func-
tional. The lower LODs of the framework indi-
cates more detailed information such as the fuel
levels of a UAV in numerical form is displayed.

2.3 Level Of Detail

During the application of the framework,
the amount of detailed information about a

(sub)system 1is classified using LODs. LOD is
a method proposed along with the framework to
index particular sub-branches’ amount of details
of the framework. During the theoretical analy-
sis stage of research, LOD is used for analysing
the suitable amount of information to present to
the operator during each stages of the experiment
scenarios.

The framework illustrated in Appendix Al,
contains seven LODs. The lowest level in the
framework illustrates the lowest LOD (LOD-1),
which represents the most detailed and unaltered
information about a specific subsystem. The
highest level of the framework, namely LOD-7;
illustrates minimal information about a particular
system, except for “how well can this system per-
form its duties?”. An example of how the LOD
is applied will be presented in section 4.4.

2.4 Component Visualisation

Each of the components in the framework will
be visually represented to the operator during the
operation. The LOD associated with each branch
will depend on the mission situation and reflects
the UAV’s functional LOA.

For the purpose of detailed discussion, the
UAV Health, and UAV Data sub-branch (as shown
in figure 2) will be further illustrated through a
series of figures. In this subsystem, there are
two main sub-branches; Subsystem Info and Pay-
load. For the purpose of illustration, only Sub-
system Info sub-branch from an LOD-7 down to
an LOD-5 will be elaborated.

In each of the framework components, there
are two modes of visual representation; a non-
autonomous visual (V) representation, and an
autonomous visual (V') representation. The
V representation will present only direct infor-
mation on the particular framework component
with minimal to no autonomous interpretation or
warning features. The V' representation will not
only present the basic information similar V, but
an additional layer of aggregated information, in-
formation interpretation and/or warning features
will be available, as the system will provide it’s
own autonomy for monitoring itself (and the re-
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Fig. 2 Aniillustration of the lower levels of the Subsystem
Info. sub-branch.

lated subsystems).

The LOD 7, 6, and 5 are: UAV Data, Sub-
system Info, and Control, Fuel, Propulsion, Hy-
draulics, and Electrical/Avionics subsystems.

2.4.1 Level 7: UAV Data

Figure 3 displays a very high level indication of
the UAV data subsystems’ overall health.

Fig. 3 Anillustration of the UAV Data sub-branch in both
V (left) and V' (right) mode of representation.

e V Mode: Under V mode, the colour of
the icon indicates the overall status of this
framework component. Since there is no
automation, the information shown on the
icon will be as displayed.

e V/ Mode: Under V' mode, in addition to
the V' representation, autonomous visual
warning will be available to cue the oper-
ator during critical times.

2.4.2  Level 6: Subsystem Info

The Subsystem Info component is a sub-branch
of the UAV Data subsystem, it is a high level rep-
resentation of all the primary UAV’s subsystems.
This framework component (as illustrated in fig-
ure 2) consists of two sides; Subsystem Info and
Payload. Since only Subsystem Info component
will be illustrated in figure 4, the right-half of
the visualisation is cross-hatched (with a highly
transparent grey colour).

Fig. 4 An illustration of the Subsystem Info component
in both V (left) and V’ (right) mode of representation.

e V Mode: Under V mode, the colour of the
semicircle will provide an indication to the
overall UAV subsystems health status. It
will not provide any aggregated informa-
tion.

e V/ Mode: Under V' mode, in addition
to the V representation, an autonomous
evaluation process of the subsystem health
information is conducted within the ele-
ments of the subsystems. The result will
be presented in the manner shown in fig-
ure 4 (right). Similar to section 2.4.1 an
autonomous warning feature will also be
available.

2.4.3 Level 5: Control, Fuel, Propulsion, Hy-
draulics, Electrical/Avionics

At this level, greater status information regard-
ing each of the primary subsystems have been
grouped. A colour-coded display arranged in a
form of a central panel including individual sub-
system status, is presented in figure 5.

The panel consists of mainly five elements,
each corresponding to a component of the
framework. For the Control, Propulsion and
Hydraulics components (figure 5), the V mode
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Fig. 5 Aniillustration of the individual health status of the
UAV primary subsystems.

display will indicate the status of the respective
subsystems with colour-codes. In V' mode dis-
play, an additional flashing glow effect is added
when the system deems itself to be at a critical
level of reliability, thus requiring the operator’s
attention (as illustrated in figure 5 (right)).

The two bars position to the left of the three
vertically aligned indicators show the fuel and
electrical system status.

e FUEL: A total level of fuel indicated by
the amount displayed. In V' mode, a thick
outline surrounding the fuel display will
flash and glow, indicating whether with the
current fuel level, the UAV is able to com-
plete the present task. This is estimated au-
tonomously.

e ELECtrical/Avionics: Similar to the fuel
system, the amount displayed will indicate
power remaining in the system. The thick
outline surrounding the display indicates
the overall electrical/avonics systems’ sta-
tus. In V/ mode, during critical events such
as when onboard electrical/avionics sys-
tems are malfunctioning, this outline will
flash and glow, similar to the other LOD 5
components.

3 Quantitative Measurements

Three quantitative measurements are used to val-
idate the proposed framework; the LOA, using
Sheridan and Verplanck’s Scale of LOA (Ten
LOAs) [12], SA measurement, using Endsley’s
three levels of SA and the SA Global Rating
Technique (SAGAT) [13], as well as cognitive
load, using NASA-TLX [14].

Three measurements, LOA will be used as
an independent variable, while SA and cognitive
load will be used as dependent variables (indica-
tors of operator performance).

3.1 Functional Level Of Autonomy

LOA was originally developed to classify how
autonomous an Uninhabited System (UMS)
is [12] with respect to manual input. This was
first explored by Sheridan and Verplanck (SV) in
their 10 LOA [12].

Since then, LOA metrics, scales and tax-
onomies have been researched quite extensively
from different approaches; these include an in-
creased granularity and dimensions of decision
making in LOA in the Autonomous Control
Level (ACL) by Clough [15], or the incorpora-
tion of three primary aspects of an autonomous
machine in the environment (environmental com-
plexity, mission complexity, and human indepen-
dence in Huang et al’s proposed Autonomous
Level For Unmanned Systems (ALFUS) [16], or
through more human machine collaborative ap-
proaches like the Human-Automation Collabo-
ration Taxonomy (HACT) proposed by Bruni et
al [17].

All of these approaches attempt to classify
the unmanned system’s autonomy as a whole,
while the capability of a UAV should be reflected
with LOAs applied to each UAV’s (sub)system
functions, or Functional LOAs. In this research,
the SV scale will be adopted and applied to the
functional (sub)systems, to acquire the functional
LOAs of the UAV.

LOA is a dependent variable in this study,
Which defines the capability of the UAV as men-
tioned above. The UAV’s capability can be
seen as the relationship: Capability = Functional
LOA x Situation Environment; where the Situa-
tion Environment is the environmental condition
which the UAV is experiencing at the time of
query. Combining the Functional LOAs and the
Situation Environment, the capability of the UAV
can be obtained.
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3.2 Situation Awareness

One of the dependent variables in the valida-
tion experiment (section 4) is SA. SA as defined
by Endsley is a person’s perception of the ele-
ments of the environment within a volume of time
and space, the comprehension of their meaning
and the projection of their status in the near fu-
ture [19]. In this research, the concept is applied
to how aware the operator is of his/her mission
assets/UAVs’ status and capabilities, or internal
SA, as oppose to of the SA acquired by the UAV's
themselves [18], or external SA.

To assess the SA experienced by the operator
during an experiment, the SAGAT, proposed by
Endsley [13] will be used. SAGAT allows the
experimenter to probe into the test subject and
administer a series of queries during an exper-
iment in a minimally intrusive manner (if con-
ducted correctly) [19]. The set of queries can
be designed and modified according to the infor-
mation that is considered important to the opera-
tor. The operator answers the queries to the best
of his/her knowledge, thus demonstrating the SA
the operator has at a specific point in time.

3.3 Cognitive Load

A second dependent variable used in this work is
cognitive load. In this research, cognitive load is
defined as the mental stress experienced by a per-
son when he or she is attempting to comprehend
all the information that are presented to him or
her, that is, the mental workload induced by at-
tempting to comprehend too much information at
the same time.

The cognitive load can be captured by using
NASA-TLX [14]; a set of procedures proposed
to detect mental workload of an operator through
self-reporting, similar to the SAGAT, except a
fixed set of queries will be used.

In the past, this method had been adminis-
tered post-experiment. But for the purpose of
obtaining a result of the cognitive load through-
out the experiment, queries will be asked during
the experiment along with acquiring the SA of
the operator, thus periodic data points can be col-

lected for result analysis.
4 Validation Experiments

To validate the framework proposed, three exper-
iments will be conducted. There are two base-
line experiments, followed by one investigation
experiment. Each of these experiments will in-
clude two parts. The first part will consider with
no change in the functional LOA of the UAV, the
second part will consider a change in the func-
tional LOA, that is, a change in the UAV capabil-

ity.
4.1 Baseline Experiments

Baseline experiments are used to establish the op-
erator’s baseline performance (SA and cognitive
load). The baseline experiments will establish a
baseline result for further investigation.

There will be two baseline experiments as
mentioned earlier:

e The first baseline experiment which in-
volves the lowest LOD information of the
framework will provide a base result on
the operators’ SA and cognitive load when
complete information is available to the op-
erator at all times.

e The second baseline experiment which
involves the highest LOD information of
the framework will provide a baseline re-
sult on the operator’s SA and cognitive
load when only minimal information re-
garding the UAVs will be available for the
operator at all times.

The results collected through these and the
investigation experiments (which will be further
discussed in section 4.2) will be used to analyse
the validity of the hypothesis on the benefits and
drawbacks of utilising an information framework
designed through IA.

4.2 Investigation Experiment

The investigation experiment is aimed at evaluat-
ing the presence of the framework in a mission
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scenario, as well as the impact it has on the op-
erators’ SA and cognitive load. Results collected
in this experiment will be compared with the two
baseline experiments. The alternative hypothesis
(Hy4) is that an increase in SA and a decrease in
cognitive load will take place with the addition of
the framework when applied adaptively.

The scenario will be analysed on paper prior
to being conducted. During each significant seg-
ment of the scenario, a specific set of information
will be available according to application of the
LOD (further discussion on LOD (section 2.3)
and applying the LOD in section 4.4).

4.3 Scenarios

One primary scenario will be used for the three
experiment. The scenario will involve the test
subject (the UAVs’ operator) to manage two het-
erogeneous UAVs searching for personnel in dis-
tress. There will be three groups of distress zones
clearly indicated by “distress beacons”. These
beacons are activated via simulated persons in the
vicinity, with an indication of how many persons
there are in the area of the beacon.

There will be three distress beacons de-
ployed, and the operator is asked to attend all
of those stress beacons and identify all the per-
sons within the approximate region (calculated
by their estimated distance travelled according to
the time it takes for the UAV to arrive at the scene
to form a radius of the approximate region). The
UAVs used for the tasks are different not only in
its capability, but also the type of the platform.

One of the UAV platform is rotary wing
(UAVR). It is capable of conducting detailed
search of stress areas, and is able to make deci-
sions on the type of search pattern to conduct for
each of the distress zones. However, it is not able
to ensure the environment which it operates in
will always be safe for operations, that is, it is not
able to obtain sufficient external SA for it to op-
erate safely, nor can it travel very fast. Thus this
UAV should only be used for detailed searches
of distress persons when adequate external SA is
acquired from the other UAV.

The other UAV platform is a fixed wing UAV

(UAVF). This type of platform is capable to
cover large areas of land in a comparatively short
amount of time, but it is not able to perform de-
tailed searches. This UAV is not equipped with
the same location and identification equipment
as that for UAVg, but it has strong capability to
detect external SA as well as prediction of fu-
ture events. This capability allows the operator
as well as UAVg to acquire adequate level of ex-
ternal SA to perform the tasks required.

During each of the experiments, there will
be variables which change depending on the
scenario description described in sections 4.1
and 4.2.

4.4 Applying LOD Index

For illustration purposes, a segment of UAVR’s
flight path is chosen. Figure 6 illustrates the
task model of this chosen segment (segment 5).
This is the post search segment, it is the series
of tasks the operator must perform after complet-
ing a search in the distress zone (with all persons
located and identified).

Segment

Health:Dat:
ranch is at

s
level

Fig. 6 An extract of the task model for segment 5 of the
UAVR’s mission.

As it is visible through the model shown in
figure 6, there are three codes of interest; H.D7,
O.N6, O0.57, PS7. These codes indicate the LOD
associated with each of the main system branches
of the framework.

e First Position (H/O/P): The first position of
the code indicates the main branch of the
overall framework; UAV Health, Onboard
Data Systems, and Payload. As it can be



B. CHEN, D. CAMPBELL, G. COPPIN, M. MOOI1J & F. GONZALEZ

seen in figure 2, there are two instances
of Onboard Data System. This is due to
the two sub-branches of this main system
branch used in this UAV platform. This is
further elaborated in the next point.

e “Period” Second Position (.D/.N/.S/.S):
The “period” is used as a marker for sepa-
rating the main and sub-branches of the in-
formation framework. This is followed by
an alphabetical character indicating which
sub-branch is being referred to. In the
four cases illustrated, they represent; UAV
Data, Navigation, States, and Surveillance.
The following numerical index is used to
indicate the LOD of the particular sub-
branch to be presented to the operator.

e Third Position (7/6/7/7): This numerical
index indicates the LOD of the correspond-
ing sub-branch. Level 7 indicates a high-
est LOD, with minimal information. This
can be used in situations where the cor-
responding subsystem is performing well,
thus requiring little to no attention from
the operator. The reserved operator’s atten-
tional resources could be used on subsys-
tems which require more mental resource.
This will help the operator to focus on
(sub)systems that require greater attention
to perform specific tasks and objectives.

By applying the LOD to the framework (anal-
ysed subjectively), it is foreseeable that an overall
improvement of operator’s SA and cognitive load
will take place. This will be verified through ac-
tual experimentation.

5 Future Work

This proposed framework is expected to improve
the SA and reduce cognitive load of the operator
while managing multiple heterogeneous UAVs.
However, it still requires the three experiments
to be conducted to evaluate the validity of the
hypothesis, and these experimental descriptions
were presented in section 4.

Ongoing work focuses on the implementa-
tion and experimentation with results analysed
and discussions made on whether by adopting
this framework, SA and cognitive load will have
a positive impact as hypothesised.

6 Conclusion

Due to an increased interest in utilising multiple
UAVs that are capable of performing heteroge-
neous tasks to perform missions, the problem of
operator SA and cognitive load in controllabil-
ity is an issue. Previous research in investigat-
ing the command and control of multiple hetero-
geneous UAVs has contributed with a number of
different approaches to address this issue. How-
ever, these have not been able to provide a struc-
tured approach to hierarchically displayed sys-
tems and functional information about the UAV
assets, therefore this paper has proposed a visu-
alisation framework which aims to address this
challenge. With this framework, it is foreseeable
that there will be a possible impact on the opera-
tor’s SA and cognitive load.

Through the application of the IA process, a
visualisation framework is defined. This frame-
work (as illustrated in Appendix Al) provides
a structured approach to illustrate necessary in-
formation for the operators to comprehend, thus
increasing their SA of the necessary information
and reducing their cognitive load.

In future research, the experimental valida-
tion results of the framework will be analysed and
disseminated.
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Appendix A1l
Full visualisation framework constructed through

Information Hierarchy (IA). Intended for clearer
illustration referenced throughout the paper.
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