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Abstract. In this work, we define a new problem called coverage task,
which is to plan a flying route for a UAV to inspect a structure surface
of interest with a certain visual quality ensurance. Users can use the
designed MR interface for a coverage task via intuitive head gaze and
hand gesture instructions. In particular, we present a spray light interface
for easily visualizing the inspection area of a flying route. We also con-
duct a user study evaluation to verify our framework on HoloLens. The
study shows that our spray light interface performs consistently well in
subjective usability and improves over other approaches in performance.
The results validate that the semi-immersive interface provides a viable
alternative to conventional interfaces for UAV route planning.

Keywords: Mixed reality · HoloLens · Unmanned aerial vehicle ·
Route planning

1 Introduction

Drones are typically used in military surveillance or reconnaissance [3,15].
Recently, drones are more frequently used in industrial applications, such as
quality and condition assessment [11,21], post-disaster exploration [1], and agri-
culture [9,10].

Route planning of drones is an important topic. There are various route plan-
ning interfaces for drones nowadays. The conventional interface uses a joystick
combined with a 2D interface [19,20]. Recently, more advanced virtual reality
and augmented reality interfaces have been proposed [6,14,22].

In this work, we define a new problem called coverage task, which is to
plan a flying route for a UAV to inspect a structure surface of interest with
a certain visual quality ensurance. To facilitate this task, we design a set of
Mixed Reality (MR) interfaces. We consider MR rather than VR because VR
will totally block a pilot’s vision on the physical environment. Since our main
objective is to understand the spatial information of how well the surface under
inspection is covered by the current route, existing interfaces that simply focus on
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virtual route planning does not meet our need. Our goal is to develop interfaces
that combine waypoints and drone camera’s field of view to help measure the
coverage of a specific range. In the meantime, our interfaces have to perform
obstacle avoidance and ensure visual quality. To the best of our knowledge, this
is the first work addressing these issues for drone route planning.

Our MR interfaces are developed based on Microsoft HoloLens 1. We use the
spatial mapping feature from the HoloLens to construct a 3D room model in
an indoor environment. Users are asked to use our interfaces to complete a sur-
face inspection task. The entire system provides a semi-immersive and intuitive
interaction for route planning mission with a certain visual quality requirement.
A spray light interface is provided to help users verify the image quality under
the currently planned route. Users can adjust waypoints by hand gestures with
head gazes, which is traditionally hard to accomplish on a 2D screen. The overall
performance of our interfaces is evaluated by user study analysis. The analysis
results and participants’ feedbacks consistently indicate that our interfaces have
significant improvements in performance and wide applicability in the coverage
task.

The rest of this paper is organized as follows. Section 2 reviews some related
works. We formally define coverage task and present the whole architecture of our
interface in Sect. 3. In Sect. 4, we describe our user study design and procedure.
Our user evaluation results are presented in Sect. 5. We make a conclusion and
discuss the future work in Sect. 6.

2 Related Work

Traditional human-drone interaction approaches mainly use a joystick controller
with a flat-screen to steer drones. Using touch screen devices to manipulate
drones are studied in [8,12]. An innovative interface is developed in [8] on an
iPad to intuitively steer drones by simple touch gestures and to take videos
in an egocentric view. For visualizing 3D spatial data, a toolkit called Rviz is
proposed [7]. The work [4] compares the performance of physical or virtual object
interaction in Unity, GAZEBO, and Rviz platforms. However, these works are
not for interacting with spatial objects.

For spatial interaction tasks, modeling real objects is a key to conveying
human intention. The work [18] uses VR interfaces combined with OptiTrack
to transform real scenes and objects to VR world. Another direction is to com-
bine VR interfaces with Kinect [6,22], as Kinect can provide more stereoscopic
information and gestures for natural interactions.

While VR interfaces only support human-drone interactions in a remote
mode, augmented reality (AR) is an option to provide real world scenes of the fly-
ing environment and target settings. AR interfaces for displaying virtual drones
and targets and piloting by a joystick are proposed in [14,23]. In [13], a 3D
scale-down spatial environment is reconstructed by stereo cameras and users
can manipulate a drone by using head gazes.

While AR interfaces achieve good performance when a drone is in direct
visual range, mixed reality (MR) enables interaction when a drone is in non-light
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of sight [2]. Through spatial mapping, the work focuses on drone manipulation
in egocentric view or exocentric view and makes a comparison on head gazes and
joystick for drone steering. The MR interface [5] allows interaction with drones
by 3D rendering and voice control. This work renders a grid map of the flight
environment with ground tags for drone localization, so drone steering by voice
commands in a grid-by-grid manner is possible. Since the grid map is only 4× 4
and needs to align with ground tag manually, the flight paths are limited in
specific scenarios.

All the above works have achieved immersive rendering. But pure VR lacks of
real understanding on physical world, while AR directly overlays graphics on the
physical world. Therefore, we choose to build our interface on MR so that users
can simultaneously visualize a physical environment and interact with virtual
objects.

3 Propose Approach

3.1 Coverage Task

The coverage task for UAV is formally defined as follows. A drone needs to be
dispatched to an environment to inspect a surface of interest S of a structure with
a certain visual quality ensurance. We define quality ensurance by the distance
between the drone’s camera and the region under inspection. The inspection
routing path of the drone is defined as a sequence of waypoints R = { r1, r2, . . .
rn}. At any point in R, the camera’s field of view (FOV) on S that is within a
distance threshold of δ is considered as covered, and the other FOV is considered
as uncovered. Two examples are illustrated in Fig. 1. In Fig. 1 (a), since the drone
is too far away from the surface, no FOV is considered as covered. In Fig. 1 (b),
the central region [A, B] that is within the distance threshold δ is covered, while
the other regions [C, A] and [B, D] are uncovered.

Given a routing path R, it is not hard to mark the regions of S that are
covered. Depending on the task, one may specify a required coverage ratio p of
S that is covered by R. We assume that the environment has been pre-scanned
and thus its 3D model is already known. Our goal is to design a MR tool (such
as Hololens) and a set of convenient user interfaces to plan a route R to meet
the required coverage ratio p. In order to define visual quality ensurance, let us
assume that we want to recognize an object (such as a crack) of length L cm
by displaying at least M pixels in an image. In order to guarantee this visual
quality, we need to compute the minimum distance threshold δ between the
drone’s camera and the region under inspection. That is, we need to transform
to a pixel unit to its actual distance. We apply the collinearity equations for the
transformation. To relate camera coordinates in a sensor plane (2D) to ground
coordinates (3D), let us consider Fig. 2. Let P = (x, y, y) be a point in the
ground coordinate, which is projected to point P’ = (x′, y′, z′) on the sensor
plane through a projection optical centre C = (x0, y0, z0). To relate P and P’,
since P’, projection optical centre C, and P is collinear, we can use proportional
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function (Eq. 1) to get P’. Let the distance from C to the sensor plane be d, and
we can get the following equations (Eq. 2 and Eq. 3):

Fig. 1. Examples of covered and uncovered regions (θ = camera view angle).

x′ − x0

x0 − x
=

y′ − y0
y0 − y

=
−d

z0 − z
. (1)

x′ − x0 = −d
x − x0

z − z0
. (2)

y′ − y0 = −d
y − y0
z − z0

. (3)

Assuming the distance of P and Q is L cm and P, Q are on the same plane,
and we can get the pixel distance of the two points by the above equation. With
pixel unit, we can derive the minimum distance threshold δ.

Fig. 2. Point P is (x, y, z), and the relative point P’ on the sensor plane is (x′, y′, z′),
projection optical centre is (x0, y0, z0).
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3.2 System Architecture

Next, we propose our MR-based model to handle the coverage task. The overall
architecture is shown in Fig. 3. We use Microsoft HoloLens 1 in this work. The
interface is developed on Unity 2018.4 and Visual Studio Code platform. The
task is given as (S, p) and it is for an indoor room environment, of which the
3D spatial model has been pre-scanned by HoloLens.

On the user interface part, there are three components. The spatial informa-
tion is processed by HoloLens functions to construct the 3D model. HoloLens
already provides some head gaze gestures for clicking on the MR world by air tap
[17]. We also provide button clicking by head gaze air tap for waypoints selection.
The routing path between two adjacent waypoints is connected automatically.
There are also interfaces for editing waypoints. As the coverage ratio of the cur-
rent route is important for a user to understand how well the coverage task is
conducted, besides the current routing path, we also provide convenient visu-
alization by rendering the current coverage regions on S based on the distance
threshold δ.

Fig. 3. System architecture.

3.3 Interface Design

Spatial Mapping. First, we scan the space to get its spatial information and
construct a 3D space model. This spatial mapping can be done by the visual
SLAM algorithm and onboard Lidar of HoloLens [16]. The scanning range is
about twenty square meters. It can recognize surface planes, such as table, ceil-
ing, floor, and wall. Detecting and classifying the complicated objects in a messy
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indoor environment is a challenge. An indoor space is generally surrounded by
rectangular ceilings, floors, and walls. Figure 4 (a) shows a real scene in our
experiment. After scanning by HoloLens, a triangular mesh model can be con-
structed by Unity, as illustrated in Fig. 4 (b). Then, ceilings and floors are clas-
sified based on their mesh sizes and locations. Further, vertical meshes greater
than a certain size (such as three square meters) are classified as wall surfaces.
The other meshes are classified as obstacles in the room, which are shown as
occlusion objects by HoloLens and should be avoided in route planning. After
these processing, we obtain a cleaner room model as shown in Fig. 4 (c).

After the 3D space model is constructed, we designate a region S of wall
areas as our inspection targets. That is, users need to plan a route for a drone
to inspect the region S. We use translucent gray materials overlaid on the top
of large surfaces for visualization. Target surface S is bounded by pink lines.
Then users can conduct route planning in the space. We also use spray light of
bright color to cover the areas that have been covered by the current route. The
uncovered areas, however, remain in translucent gray. So it is hard for users to
not observe the uncovered areas. Figure 5 shows our interface.

Fig. 4. Spatial mapping steps: (a) a real room scene, (b) 3D triangular mesh model,
and (c) surface model.

Fig. 5. Wall, target inspection surfaces S, and spray light of covered areas.
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Waypoint Editing Interfaces. Next, we introduce our interfaces for waypoint
editing. We design three buttons, Place, Delete, and Edit, in our mixed reality UI,
as shown in Fig. 6. Controlling the cursor, which is on the center of field of vision,
is done by head moving. Clicking on any button results in corresponding actions
on waypoints. The straight line between two adjacent waypoints is drawn by a
white color line. Whenever a new waypoint is added, we render on S the newly
covered area by adding more spray light in pink. Also, the current coverage ratio
will be shown immediately on screen. The Place button is to add a new waypoint
at the end of the current route. The new path is shown by white. If there is any
physical obstacle exists in the path, the part of the path will be changed to
red to remind users. The Delete button is to remove a misplaced waypoint. If
the deleted waypoint is between two other waypoints, the two waypoints will be
connected by a new white line. The Edit button is to adjust the position of an
existing waypoint. A user can pick the drone and release it at a new position.
The new flight route and spray light will be updated automatically. Since this
action may change the covered areas, one can visualize the effect by the size of
spot light immediately.

Fig. 6. Editing interface: place button, delete button, and edit button.

Visualization of Route and Coverage. In order to visualize the drone route
in different circumstances, we use several presentation method. The original
route is shown in Fig. 7 (a), where waypoints are connected by white lines.
We observe that some users prefer to fine-tune waypoints at the final stage of
a task. The original route is obstacle-avoiding before their adjustment. In this
case, they should be notified by the color change caused by route change. When
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obstacles exist in an adjusted part, the part of route will be marked in red to
remind users to further revise the part. In Fig. 7 (b), we show a case where an
obstacle (whiteboard) exists between two waypoints and the color of the part
turns to red. Besides, the size of spray light may change when waypoints are
adjusted. This feature is very helpful for users to fine-tune a route to fulfill the
target coverage ratio p. In Fig. 7 (c), the size of spray light decreases and then
increases because of the middle waypoint changes its position. When a waypoint
is too far from S, the corresponding spray light may disappear to warn the users.

Fig. 7. (a) A typical obstacle-free route, (b) a route marked by red when crossing an
obstacle, (c) change of spray light when one moves the middle waypoint.

4 User Study

We have conducted experiments to evaluate the efficiency and usability of our
interfaces by observing human users to complete a series of coverage tasks. These
tasks are meant to represent inspection applications requiring a drone to navigate
specific areas and following obstacle avoidance and quality ensurance require-
ments.

4.1 Participants

We recruited ten participants (one female) from a local university between ages
twenty and thirty, and they all had normal or corrected-to-normal vision. Two
participants had previous experiences with AR or VR HMDs.

4.2 Study Design

We used a within-subjects design and the distance between the designated sur-
face S and participants is at least one meter. The participants were given tasks of
route planning and these tasks are divided into spray light enabled and disabled
states (see Fig. 8 for a comparison).

The inspection tasks may involve large, medium, or small cracks, which may
lead to different threshold values for δ (δ = 30–50, 50–70, 70–90). To remove the
effect of learning effect, the order of δ values is random for every participant. In
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every state, two shapes of S but of the same size are evaluated (Fig. 8). That is,
each participant performed twelve trials (two states × two shapes × three δ). A
participant proceeds to the next trial only when he/she thinks that the current
coverage task is finished and we use OpenCV to get the coverage ratio. The
average total trial time is about 1 h (Fig. 9).

Fig. 8. (a) Spray light enabled state and (b) disabled state.

Fig. 9. Two shapes of target surface S.

4.3 Task Execution Procedure

After we explained how to use our interfaces, participants were allowed to prac-
tice as much as they felt comfortable. The participants performed two shapes of
tasks for each given spray light state and were told to perform each task as fast
as possible and try to fill S as much as possible. If needed, they were allowed to
take a break between trials. We measured the time, waypoint number, route dis-
tances and coverage ratio. Participants then filled out a usability questionnaire
(Fig. 10) and we interviewed them after all tasks were completed.
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Fig. 10. Usability questionnaire.

4.4 Evaluation Results

Among the ten recruited participants, eight were able to complete the whole
procedure. Thus, the analyses are based on these eight participants. To quantify
the results, we calculate participants’ performance by:

Performance =
Coverage Rate(%)

Complete T ime + No.Waypoints × P
. (4)

The denominator is considered as penalty. First, the more waypoints there are,
the more turning overhead it will incur. Second, we observe that some partic-
ipants prefer to use more waypoints to cover an area. Therefore, we set P =
0.5 s as an time overhead. The evaluations of pairwise t-test are shown in Fig. 11
(a). As can be seen, there are significant advantage in using spray light to guide
a user. In the small δ case, the enabled state has mean = 73.72 and standard
deviation = 15.17, versus the disabled state’s mean = 55 and standard deviation
= 11.45. In medium and large δ cases, we see the similar trend. In all cases,
the p-value is smaller than 0.001. The analysis shows that participants took
significantly less time to complete a task when spray light is enabled. We also
plot the completion time of pairwise t-test in Fig. 11 (b). In the small δ case,
the enabled state has mean = 131 and standard deviation = 28.24, versus the
disabled state’s mean = 150.67 and standard deviation = 31.67. In medium and
large δ cases, we see the similar trend. In all cases, the p-value is smaller than
0.001. The results validate that participants took longer time in disabled state
than enabled state in every task.

In Fig. 12, we compare the routing path length as it reflects drones’ battery
consumption. The enabled state has mean = 38 and standard deviation = 11.84,
versus the disabled state’s is mean = 62.42 and standard deviation = 18.81. The
p-value is also smaller than 0.001. In summary, the analysis reveals that the
enabled state is more efficient than to disabled state in all aspects.
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Fig. 11. (a) Performance measurements and (b) Time measurements.

Fig. 12. Distance measurements.

4.5 Interview Comments

In interviews, we receive the similar comments that when the spray light function
is enabled, it is much easier to adjust waypoints and visualize the area that are
not yet covered. Some participants mentioned that they finished their tasks in
the enabled state with less fatigue, as quoted below:

“Comparing to disabled state, I think the interface (enabled state) greatly
facilitate manipulation and adjustment.” (P2)

“The tasks can be finished in enabled state easily without hesitation and
frazzle.” (P5)

Additionally, all users can well understand the concept of spray light easily. They
did recognize how the coverage areas are reflected by spray light, are quoted
below:
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“It is hard for me to finish the tasks without spray lighting path.” (P1)

“Using enabled one is easy and convenient.” (P7)

From the questionnaire results, we conduct post-experiment comparison on
usability and flexibility. Note that the fourth question in the questionnaire
reverses the valence to test if users are paying attention. In the analysis, this
reverse question’s scores are inverted to match the other scales. To interpret the
survey question as a measuring parameter, we use one-way repeated-measures
ANOVA to analyze the results. The spray light enabled state improves an aver-
age of 5.35 Likert points over the disabled state (with p-value = 0.0329 < 0.05).
While this brief survey certainly does not cover all aspects of usability, it does
demonstrate a preference for spray light. In addition, we did not observe a sig-
nificant difference across all metrics when comparing those users with VR expe-
rience to those without VR experience. We speculate the reason is that users
can still interact with real objects to get spatial information in semi-immersive
environment.

5 Conclusions and Future Work

In this paper, we have defined a new coverage task for drone route planning and
presented a spray light interface to facilitate users to arrange waypoints while
visualizing the covered and yet-to-be-covered areas in a MR environment. A set
of design considerations and insights that are unique to the routing planning
interaction problem are presented. Our user evaluation results validate the effec-
tiveness and efficiency of our design. In conclusion, the spray light design pro-
vides a high degree of freedom and applicability. The interface can be integrated
with various interaction techniques and devices in other applications and circum-
stances. As to future work, we have validated our design for indoor environments,
but outdoor environments of larger scales deserve further study. Manipulating
multiple drones also deserves further research.
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