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Abstract—A system designed for a unique multi-robot application of closely flying formations of Unmanned Aerial Vehicles
(UAVs) in indoor areas is described in this paper. The proposed
solution is aimed as a tool for historians and restorers working in
large historical buildings such as churches to provide an access
to areas that are difficult to reach by humans. In these objects,
it is impossible to keep a large scaffolding for a long time due
to regular services, which is necessary for studying a long-term
influence of restorations works, and some parts of the churches
were even not reached by people for decades and need to be
inspected. To provide the same documentation and inspection
techniques that are used by the experts in lower easily accessible
parts of the buildings, we employ a formation of autonomous
UAVs, where one of the robots is equipped by a visual sensor
and the others by source of light, which provides the required
flexibility for control of lightening.
The described system in its full complexity has been implemented with achieved robustness and reliability required by
deployment in real missions. The technology demonstration has
been provided with real UAVs in historical objects to help
restorers and conservationists with achieved valuable results used
in plans of restoration works. In these missions, UAVs were
autonomously hovering at designated locations to be able to
demonstrate usefulness of such robotic lightening approach.

I. I NTRODUCTION
A system for autonomous documentation of dark areas
in large historical buildings by a formation of Unmanned
Aerial Vehicles (UAVs) is presented in this paper. In the
proposed approach, a self-stabilized formation of multi-rotor
helicopters is employed for filming and visual inspection in
dark conditions, where one of the UAVs carries a camera and
neighboring UAVs a source of light. This setup aims to fully
autonomously realize two techniques often used by historians
and restorers for manual inspection of interiors of historical
monuments nowadays. The first one, so-called Three point
lighting approach [1], [2], is a filming technique in which 1-3
sources of light are used in different locations relatively to the
camera optical axis. The method enables to create an illusion
of a three-dimensional subject in a two-dimensional image
and to illuminate the subject being shot (such as sculptures in
historical buildings) while controlling the shading and shadows
produced by lighting. This is essential for the presentation of
historical monuments in interiors to the broad public, as it
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removes the boring flatness from images and videos, and it
adds a value to the analysis of gathered results by historians.
The second technique frequently used by restorers employs
a strong side-light for illumination of flat objects, such as walls
with parget and mosaics. In this method, the strong light needs
to be placed as close as possible to the scanned plain, which
makes visible shadows in the image in a case of a roughness
of the surface. Restorers and conservationists can detect from
such illuminated pictures if a tile in the mosaic is not fixed
properly or if a painting is affected by a humidity indicated
by buckling of the wall surface.
We implemented these two methods using autonomous
unmanned helicopters, which enables their usage in places
in the interior of large historical objects (e.g. churches) that
are not accessible without installation of a costly staging. In
cooperation with restorers and filmmakers, we defined the
filming Three point lighting technique and the Strong sidelightening method as a multi-objective optimization problem
in the Model Predictive Control (MPC) framework. The MPC
approach is used for control of the formation members taking
into account task objectives as well as constraints of the formation flying (obstacle avoidance, mutual collision avoidance),
low level UAV stabilization [3] (motion constraints), filming
(limited camera field of view, keeping all UAVs out of the
taken images), and illumination (providing intensity of the
lightening in a required range, keeping the recommended angle
between the light and camera axes).

Fig. 1. Demonstration of the presented formation flying approach to realize
a flying “film crew” in a church in Sternberk, Moravia.

It is not our intention to design a system that would decide
where and what to film or scan. This is a job of the filmmakers
and experts from the field of restoring and historical sciences.
To be able to reach the direct usability of the system by the experts, we employ the artificial intelligent and the autonomy of
UAVs only for solving technical tasks, such as the lightening,
and the artistic intent is left at hands of the professionals. Also
the decision, which part of the church needs to be inspected
and which technique has to be used is still taken by historians
and the proposed system is designed only as a smart tool to
facilitate their job. Therefore, we assume an input from these
experts for the system in a form of a given path that has to
be followed by the UAV with a camera and a given set of
objects that have to be filmed. From the safety reason, we
expect a given map and known positions of the objects of
interest in the building. Although, online mapping techniques
are provided by robotic community nowadays, they lack 100%
reliability, and also filmmakers as well as historians require
visualisation of the planned path prior the mission to make
sure that their intention will be fulfilled for which the map
given prior the mission is essential. In addition, the revision of
the overall plan increases probability of mission failure, which
is crucial for deployment of autonomous systems flying close
to objects with high historic and financial costs. Fortunately,
in the presented application scenario, the knowledge of a
precise map prior the mission is a realistic assumption since
the precise map is always used by the historians and it is a
main part of the restoration and historical survey for which
these techniques are targeted.
In practice, the experts denote which part of the path has to
be dedicated to which object of interest (OoI) and the camera
orientation is simply computed for each point of the path
using the known position of the OoI. The obtained profile of
the camera heading does not need to be smooth and feasible
since it is considered only as one of the desired objectives of
the MPC optimization. Usually, the task requirements do not
respect the UAV movement constraints, mainly if the input for
the system is provided by the historians. The film lighting technicians have usually better understanding of motion constraints
of a camera doing a dynamic shot, but still their demands are
often in contrast with limitations of UAVs and self-localized
formations. Therefore, the proposed system is designed to
find a solution close to the usually infeasible (and even noncontinuous) desired trajectory for the leader and the camera
orientation, and to find a compromise between the requirements given by the experts and the artificial system of closely
cooperating UAVs. Besides, we expect that the positions of the
objects of interest, obstacles and neighbouring robots may not
by known absolutely precisely, and the planning and control
of the multi-robot team is then driven by actual results of UAV
perception (obstacle detection and object recognition). In the
current implementation, the solution is prepared for using the
system of neighboring objects/UAVs localization that we have
described in [4], [5], but any state-of-the-art implementation
of proper obstacle detection and object recognition techniques
can be used.

A. Literature review
Autonomous systems used for documentation of heritage
sites are mostly employed for 3D modelling of exteriors
and interiors of objects by laser scanners or by the photogrammetry, which is being popular recently as it allows to
use cheap and lightweight monocular cameras for 3D object
reconstruction. Numerous techniques exist to facilitate and
speed up the scanning process by increasing its automatization.
Static terrestrial laser scanners were used in [6], [7] for
3D modelling of historical sites. Using these techniques, the
scanners have to be placed into predefined geo-referenced
locations and the obtained 3D point cloud is fused using the
known positions of different measurements. In [8], a longrange 3D laser scanner was used to scan large historical
sides and to provide an inter-relationship between outdoor and
indoor profiles using a technique for storing and processing
big amount of data. A faster scanning process is allowed
by a hand-held mobile mapping system called Zebedee [9]
that was designed for semi-autonomous gathering of 3D point
cloud models in cultural heritage applications. Another level
of autonomy has been added using a ground mobile robot
carrying the laser scanner that enables 3D modelling of largescale environments with minimal human intervention [10].
Applying UAVs provides a possibility to acquire data from
measurement locations inaccessible by ground robots or handhold systems in addition to the autonomy provided by UGVs.
Nowadays, UAVs are deployed mainly for 3D modelling of
outdoor archaeological locations by the photogrammetry of
geo-referenced images and historical buildings by lightweight
lasers [11], [12], [13], [14]. All these techniques, which are
offered by numerous private companies, use GPS data to
reference the images and to initialize the 3D cloud construction process by this information. Only a limited number of
approaches allows 3D modelling by UAVs in GPS-denied
environment inside historical buildings, although indoor localization and 3D mapping techniques are well investigated
by robotic community [15], [16]. We have found only the
work in [17] that uses UAVs in the context of documentation
of interiors of historical buildings. The method is based on
a state-of-the-art online visual simultaneous localization and
mapping and an offline visual structure-from-motion method
in order to obtain the 3D model of the building.
Our method goes much further than [17] and it aims to
fully exploit the abilities of UAVs, which is mainly flying in
places hardly accessible by people and other types of robots.
It was identified during the first deployment of the system in
large churches that in these hardly accessible locations light
conditions are often not sufficient and external light sources
are required. The proposed system enables to set direction of
the light sources dependently on the position of the camera,
which is a very useful tool being used by restorations and
filmmakers. This is realised by a leader-follower formation
flying technique providing the Three point lighting and Strong
side-lightening approaches in an autonomous way.
The proposed formation stabilization and navigation algo-

rithm, which arises from our theoretical work on formation
stabilization of ground robots [18], [19], [20] and UAVs
[21], [22], [23], [24], consists of two main components. In
the first one, an optimization-based model predictive control
mechanism is employed for the formation leader, which is
the UAV carrying the camera. A sequence of control inputs
in the receding horizon fashion is provided for the leader in
two optimization steps. Firstly, a multi-objective optimization
is used to control the 3D position of the robot along the
predefined path. Deviation from the desired path that is given
by the restorers, too aggressive control inputs (changing velocity and angular acceleration), and too small distance from
the obstacles and the objects of interest are penalised in this
optimization. The second optimization step of the planning
method proposed for the leader is aimed to provide a smooth
and feasible profile of the camera orientation. Motion planning
and stabilization of followers are also realized under the model
predictive control scheme in two optimization processes to
control their position within the formation and to control
orientation of their light sources. In each control step, a new
control sequence is obtained as a result of the multi-objective
optimization procedures, which is applied in the receding
horizon fashion. It means that in each step, only a small portion
of the plan is sent to the actuators and for the consequent replanning a new piece of the same size is added at the end of
the plan.
II. P RELIMINARIES
A. Task definition and assumptions
The multi-robot task solved in this paper is to realize the
Three point lighting and Strong side-lightening approaches
in indoor GPS-denied environment by a team of cooperating
UAVs (multi-rotor helicopters). In this scenario, one of the
UAV (the leader) is equipped with a calibrated camera and
nF UAVs (the followers) with light sources. Parameters of
the camera and light sources (orientation, field of view, light
intensity, dispersion, etc.) are known prior the mission.
In the description of the proposed method, we suppose a
known map of the environment (a contour of walls) with a
set of convex obstacles O. Although no dynamic obstacles
usually occur in the real deployment of our approach for
documentation of historical buildings, the method in general is
able to deal with a dynamic environment and with an unknown
or partial known map as we have shown in a theoretical
work in [25]. We also suppose that each UAV is equipped
with a system providing its localization in the given map
and relatively to its neighbours. For the real deployment in
GPS-deneid environment, we propose to rely on a fusion (the
mechanism of the fusion is described in [26]) of an odometry
obtained from an optical flow in images captured by a downlooking camera and outputs of visual relative localization
of neighbours (for description of the employed localization
method see [4], [5]). In the case of the Strong side-lightening
technique, we assume to have a precise information on the
distance to the scanned wall. A communication link between
the robots is assumed during the mission for distribution of the

actual leader’s plan to followers, which is used for planning
their optimal positions and orientations of the light sources in
the future.
As mentioned, our intention is not to contribute to the art
and to jobs of the restorers and we suppose that a desired
path for the leader is given by these experts. In addition, we
suppose that the path is labelled by an information which
OoI has to be observed in which part of the path. Using the
information on known positions of OoI, the desired orientation
of the camera may be simply derived. The desired path and
camera orientation given by the experts, later denoted by the
(·)ex symbol, does not need to be feasible with respect of
kinematics of UAVs.
Let us note that the proposed method is capable of working
with unknown a priori knowledge of positions of obstacles
and objects of interest (they can be detected by state-of-theart methods such as the one we proposed in [5]) and work in
a full perception driven mode. Also the given desired path is
not necessary for the proposed formation flying method and a
trajectory planning method can be integrated as in our previous
work in [21]. Nevertheless, such a higher level of autonomy
is not required in this application and it adds an additional
source of uncertainties, which would decrease robustness and
so the applicability of the method.
B. Model predictive control on a receding horizon
MPC-based approach is used in the proposed system to
independently control the position of the leader as well as the
followers in the formation, but also to control the orientation
of the carried camera and the light sources to enable stability
analyses of the complete system. In the MPC scheme, the
control task is transformed into an optimization with constraints imposed by a model of the controlled system. We will
use the kinematic UAV model from [21] for both, the leader
and the followers. The optimization solves a finite horizon
optimization control problem starting from current state over
a control horizon. The result of the MPC method is then an
optimal trajectory defined by N transition points and constant
control inputs between them. The optimization is initialized
in each control step based on the solution obtained in the
previous MPC step. In each MPC step, once a solution of the
optimization problem is obtained, only the first n vectors of
the computed control inputs are applied to control the system.
The optimization process is then repeated on a new interval
as the finite horizon moves by the time horizon with length
n t, where t is the time difference between two subsequent
transition points.
III. M OTION PLANNING AND FORMATION STABILIZATION
SYSTEM

In this section, a formation flying method based on the
MPC framework employed for control and navigation of an
autonomous team of a cameraman and illuminators will be
described. In the method description, the more general setup of
a camera and lights mounted on a gimbal is used. This enables
to control the Yaw angle independently to the task, which

enables a very important safety mechanism. If all UAVs are
oriented in the direction of their movement along the desired
trajectories (independently to positions of the OoI and so the
camera/gimbal orientation), it is much simpler to manually
overtake their control in a case of a system malfunction. This is
important mainly during the initial debugging of the methods
and for testing flights preceding each practical deployment of
the system.
For the method description, let us denote the UAV position
in the cartesian coordinates as pj (k) := {xj (k), yj (k), zj (k)},
its heading ✓j (k), and the camera heading 'j (k), where
k 2 {1, ..., N } denotes indexes of transition points in the
MPC control horizon. For MPC techniques, let us use control
inputs Uj (k) := {vj (k), wj (k), Kj (k)}, k 2 {1, ..., N }, where
vj (k) is forward velocity, wj (k) ascent velocity, and Kj (k)
curvature of the trajectory, for control of the j-th UAV and
angular velocity !j (k) for control of its gimbal with the
camera. These control inputs are constant in-between of the
transition points and lead the UAV from one transition point
into a following one applying the model from [21]. This
notation is used for the leader as well as the followers in the
formation, such that j 2 {L, 1, ..., nF }.
A. Trajectory tracking of the leader with camera
As mentioned, two control problems are solved independently (control of UAV states L (k) := {pL (k), ✓L (k)}, k 2
{1, ..., N }, and camera headings 'L (k), k 2 {1, ..., N }) to
reduce the overall computational complexity in the proposed
method.
Using the MPC methodology, we can formulate the first
problem as an optimization of a vector ⌦L,1 = [UL (k)] 2
R3N , k 2 {1, ..., N }. The objective function JL,1 , which is
minimised and subject to a set of inequality constraints, is
designed as
JL,1 (⌦L,1 ) =
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The first component of the cost function penalises deviations
of the leader’s position pL (k) along the planning interval N
from the desired position on the path given by the experts
pex
L (k) as one of the inputs of the method. The second

component is employed to suppress big deviations in control
inputs (and so too aggressive behaviour of the system), where
the notation (·)dif f (k) := (·)(k 1) (·)(k) represents the
difference of the particular control parameter from its previous
value. The control inputs at k = 0 represent values that are
implemented by controllers at the time of initialization of
the optimization process. The third term ensures avoidance of
other robots in the formation that are considered as dynamic
obstacles for the leader. Function dist(pL (k)⌦?j,1 ) returns the
shortest distance between the position of the leader being
optimized and the plan of the j-th follower obtained in the
last call of the optimization process described in section III-B
(let us denote results of the optimization processes by the
notation (·)? ). Constant rs is radius of a safety area around the
robot in which the obstacles are considered in the avoidance
function and ra is radius of an avoidance area. The value of
the third term approaches infinity if distance to an obstacle
equal to ra is reached. The fourth component, which protects
the leader from collisions with static obstacles, uses the same
avoidance function. Also the influence of this term is increased
for an obstacles detected at the end of the control horizon
(based on index k of the position pL (k) that contributes
to the cost function), which ensures the obstacle avoidance
functionality and protects the system from oscillations in a
close proximity to obstacles. Function dist(pL (k), O) returns
the shortest distance between the position of the leader and
the obstacles. The fifth term is important due to the filming
task as it penalises trajectories that are in a bigger distance to
ex
the position of the object of interest pex
OoI (pL (k)) in case of
a deviation of the leader from the desired path by an obstacle.
Avoiding an obstacle in a free space closer to the OoI, which
is selected by the experts as the one that has to be observed
by the follower at position pex
L (k), decreases probability that
the obstacle appears in the camera field of view.
The values of coefficients ↵, 1 , 2 , 3 , , , and " in
equation (1) influence behaviour of the system between often
antagonistic requirements. For example with increasing values
of (·) , a smoother and less aggressive flight performance
will be provided, while with increasing values of
and
the obstacle avoidance ability of the system is preferred.
The inequality constraints ra dist(pL (k), O)  0, k 2
{1, ..., N }, and ra
min{dist(⌦L,1 , ⌦?j,1 )}  0, j 2
j

{1, ..., nF }, which have to be ensured in the optimization,
support the avoidance function to ensure that a plan of the
leader does not touch an obstacle by its avoidance region. In
addition, control inputs in the optimization vector are limited
by the following inequality constraints vL (k) vL,max  0,
vL,min vL (k)  0, wL (k) wL,max  0, wL,min wL (k) 
0, KL (k) KL,max  0, KL,min
KL (k)  0, where
k 2 {1, ..., N }, including upper and lower bounds of the UAV
controllers.
The second optimization problem is employed to obtain a
smooth and feasible control of the camera heading (instructions for the gimbal or UAV controller in the case of the
fixed mounting). Let us define the optimization vector in this

problem as ⌦L,2 = [!L (k)] 2 RN , k 2 {1, ..., N }, and the
cost function, which is again minimised in the optimization,
as
JL,2 (⌦L,2 ) = ⇣
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where
is the desired camera heading at k-th transition
point. The heading is obtained from the position of the object
ex
of interest pex
OoI (pL (k)) that has to be filmed/scanned at this
moment, and the position of the leader at k-th transition point
of the plan ⌦?L,1 obtained as a solution of the first optimization
problem. Although, the heading 'ex
L (k) is not explicitly given
by the experts, we used the (·)ex notation here, since they
provide the desired position of the leader that should be as
close as possible to the planned one and also the position
of the OoI. The desired heading 'ex
L (k) should follow their
intention as the orientation of the camera is naturally one of
the most important factors influencing the required result in
both filming techniques being solved in this paper.
The function dif fang ( 1 , 2 ) is defined for 1 , 2 2
h0, 2⇡) as
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2
1
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(3)
The constants ⇣ and ⌘ set influence of the objective trying
to follow the desired camera orientation (the first term of
the multi-objective function in eq. (2)) and the objective
achieving not aggressive change of the orientation (the second
term), respectively. The only constrain functions that have to
be satisfied for optimization of the orientation are used to
limit the UAV angular velocity as !L (k) !L,max  0 and
!L,min !L (k)  0, 8k 2 {1, ..., N }. Although the camera
heading control could be done by any simpler controller
combined together with an interpolation of desired heading
values, we rely on MPC to be able to synchronise it with the
position control under the recoding horizon.
'ex
L (k)

B. Trajectory tracking for followers with the light source
The desired positions of the nF followers pj,d (k), j 2
{1, ..., nF }, k 2 {1, ..., N }, in the formation are obtained from
the positions of the leader (derived from its actual plan - the
last result ⌦?L,1 of the MPC position control) and the position
of the currently filmed object of interest. The direction of the
source of light (from the position of the follower to the OoI)
and the optical axis of the camera have to form predefined
angles ±45 in case of the Three point lighting approach and
±90 for the Strong side-lightening technique. The desired
distance of the light is given by the requirements on the intensity of illumination. Naturally, such defined desired trajectory
for the followers is not feasible for the UAVs (mainly when
the leader suddenly switches its attention between two objects
of interest). Therefore, the trajectory cannot be directly used

as a desired control equilibrium, but its following needs to be
integrated into the MPC framework taking into account motion
and formation driving constraints applied in the optimization.
For followers control, we again assume that the orientation of the light source can be controlled independently
to the UAV position control and so both these problems
will be tackled in two separate optimization processes. In
the trajectory tracking of the j-th follower, the optimization
vector ⌦j,1 = [vj (k), wj (k), Kj (k)] 2 R3N , k 2 {1, ..., N },
collecting control inputs over the control horizon with N
transition points is obtained by minimizing the multi-objective
function
Jj,1 (⌦j,1 ) =

N

N
X

k=1

||pj,d (k)

pj (k)||2

N
X
◆1 dif f 2 ◆2 dif f 2 ◆3 dif f 2
+
K
(k) + vj (k) + wj (k)
N j
N
N
k=1
8
912
0
min dist(pj (k), ⌦?neighj ,1 ) rs =
N
<
neighj
 X@
A
+
min 0, k
:
N
min dist(pj (k), ⌦?neighj ,1 ) ra ;
k=1

+
+

N
µ
N

neighj

N ✓
X

k=1
N
X
k=1

k

⇢

dist(pj (k), O)
min 0, k
dist(pj (k), O)

rs
ra

◆2

(min {0,

||pb (pj (k), p?L (k), '?L (k))
||pb (pj (k), p?L (k), '?L (k))

pj (k)||
pj (k)||

ds
da

◆2

.
(4)

The first term in the objective function penalises deviation
from the desired positions pj,d (k) of the j-th follower. The
desired position depends on the position of the leader in
the k-th transition point using its actual plan ⌦?L,1 , position
of the object of interest that is filmed by the leader in
the k-th transition point, and the requirements of the Three
point lighting or Strong side-lightening approaches. The second term penalises too aggressive control behaviour as in
the case of the leader’s control. The third part of the cost
function represents the mutual avoidance function, where set
neighj := {L, 1 · · · nF }\j collects indexes of all remaining
robots in the formation, which are the neighbours of the j-th
follower. The fourth part ensures collision avoidance as for
the leader. The last term, which is aimed to avoid having
the UAV “illuminator” in the view of the camera, penalises
the solutions in which the follower gets closer to the border
of a pyramid representing space currently observed by the
camera. The apex of the pyramid is roughly defined by the
expected position of the leader p?L (k) following its actual
plan ⌦?L,1 . Orientation of the pyramid corresponds with the
planned orientation of the camera '?L (k) according to ⌦?L,2 .
In the cost function, distances between the position of the
follower pj (k) and position pb (pj (k), p?L (k), '?L (k)), which is
the closest point on the pyramid (defined by p?L (k) and '?L (k))
from the position pj (k), smaller than a safety distance ds are

penalised. While ds denotes the minimum desired distance
from the border of the pyramid that is considered as safe,
distance da is infeasible. The values of coefficients , ◆1 , ◆2 ,
◆3 , , , and µ set system behaviour similarly as in the case
of the leader.
In the optimization process, the same inequality constraints
protecting collisions with obstacles and other team members
as in the position control of the leader are applied. The limits
of control inputs for the followers may differ from the bounds
used for the leader control, but the same structure of inequality
constraints is used. Similarly, also the last term of the cost
function (4) is supported by the inequality constraints da
||pb (pj (k), p?L (k), '?L (k)) pj (k)||  0, 8k 2 {1, ..., N }.
As mentioned, movement of the light source on a gimbal
or change of UAV heading in case of a firm attachment of
the light source is limited by motion constraints. Moreover,
mainly for the Three point lighting approach, smooth changes
of direction of the light source carried by the followers are
required. We have to solve this problem in each control step
under the MPC framework for each follower j and therefore
we formalize it as an optimization problem with vector ⌦j,2 =
[!j (k)] 2 RN , where k 2 {1, ..., N }. The cost function that
is minimised in the optimization is defined as
Jj,2 (⌦j,2 ) = ⌫
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where 'j,d (k) is desired heading of the light source at the
k-th transition point obtained from the given position of the
object of interest and the position of the j-th follower at the
k-th transition point of the plan ⌦?j,1 , which is obtained as a
solution of the first optimization problem. In comparison with
the cost function used for the MPC control of the camera
heading in eq. (2), here the desired orientation of the light
is not given by the experts directly, but it is computed based
on results of subsequently realized MPC steps for the leader
and the followers composed into a compact formation via the
rules of the Three point lighting and Strong side-lightening
techniques. Nevertheless, the motivation of both parts of the
cost function, meaning of the constants ⌫ and ⇠, and also the
employed inequality constraints are the same as for control of
the camera direction.
IV. E XPERIMENTAL VERIFICATION AND SYSTEM
DEPLOYMENT

The designed formation flying and stabilization system has
been developed and verified in two robotic simulators, and
the principles of lightening by a pair of UAVs were employed in two historical buildings including two large churches
with a cooperation of historians, restorers, and filmmakers.
The output of the system deployment was a set of images
used by restorers for a plan of restoration works and two
professionally edited documents broad-coasted by the main
Czech TV and several other news providers (see the list

at http://mrs.felk.cvut.cz/projects/cesnet). The parameters have
been used as n = 1, N = 8, t = 0.5, ↵ = 1.5, 1 = 0.2,
= 0.2, = 0.01, " = 0.1, ⇣ = 0.1,
2 = 0.2, 3 = 0.2,
⌘ = 1,
= 1.5, ◆1 = 0.5, ◆2 = 0.5, ◆3 = 0.1,  = 0.1,
= 0.1, µ = 0.1, ⌫ = 0.1, and ⇠ = 1 in all experiments.
The first simulator, V-Rep, was used for simulation of both
lightening techniques implemented by the UAV formation
since it provides a useful tool for visualization of shadows on
3D objects caused by onboard lights (see Fig. 5 for an example
of the formation flying around a 3D statue). The second
simulator, Gazebo, enables a very realistic verification of the
formation stabilization and control approach. In this simulator,
we have implemented a plugin that emulates a firmware of
the Pixhawk low-level stabilization, which is used in our
platform being primarily designed for the MBZIRC competition in Abu Dhabi (http://mrs.felk.cvut.cz/projects/mbzirc)
together with Vijay Kumar Lab, University of Pennsylvania,
http://kumarrobotics.org/ (for the HW system see [26]).
The simulator Gazebo enables to test the method even in
more challenging conditions than are in historical buildings.
For example in Fig. 2, a scenario inspired by an indoor space
of Saint Nicholas Church in Prague was built to evaluate the
system prior its using there. The testing scene includes six
objects of interests and fourteen obstacles (including walls),
which is much more complicated work-space in comparison
with the tasks solved in the Saint Nicholas Church. The
scenario in Fig. 2 with snapshots from one of the simulations in Fig. 4 verifies smooth transition between several
consequent objects of interest (e.g. Fig. 4 (a-c)), the obstacle
avoidance function (Fig. 4 (d-f)) and avoidance of collisions
with other robots in the formation (Fig. 4 (g-h)). For the
obstacle avoidance verification, the initial path was designed
purposely infeasible for the formation by adding additional
obstacles too close to the path and a failure of one of the
follower was simulated (the follower with fill light, the robot
on the right side of the formation, was suddenly stopped and
the other UAVs were forced to avoid it).
The real deployment of the system in the Saint Nicholas
Church located on the Old Town Square in Prague http:
//www.svmikulas.cz/en/ is shown in Fig. 6 and in document at
https://youtu.be/g1NuPnLCFTg. The picture show formation
stabilization aimed to film the statue of Jesus Christ and
the pulpit providing illumination by the Three point lighting
technique. The second deployment of the proposed UAV
formation lightening approach in the Virgin Mary Church in
Sternberk, Moravia, is presented in Fig. 1 and in video at
https://youtu.be/-sTUwzFf Mk.
V. C ONCLUSION
In this paper, a system designed for visual documentation
and inspection of interiors of historical buildings by a formation of cooperating UAVs was described. The proposed
solution of this application arises from our long-term basic
research work in the field of UAV formation flying and it
is mature enough to provide a solution that is already in
use by historians and restorers to complement their work
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Fig. 2. Trajectories of all formation members in the experiment in the complex environment. The arrows denote the heading of the camera in different time,
and the green dotted line shows the desired trajectory. In the graph, h is the height which corresponds with the z coordinate of the leader.
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Fig. 3. The progress of values of the cost function used for trajectory tracking.

in inaccessible places of large churches. From this point of
view, the basic functionalities of the system achieved TRL 8
(the system has been tested and launched in real operations),
while the full-scale system operability is currently in TRL 7-8
levels. The complete technology including obstacle avoidance
and failure recovery has been developed and demonstrated in
realistic robotic simulations.
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