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Abstract. This paper presents a UAV path planning approach for multi-
building inspection, which is a new application for UAV path planning. It gen-
erates helix paths for single building inspection first and defines the possible
points for collecting inspection data with reasonable time slots. After inspecting
one building, the UAV flies to another building with a trajectory based on a cost
matrix and a visited vector defined in this algorithm. The planning of the entire
inspection path is evaluated considering several factors, such as distance, time,
and altitude. The proposed algorithm is applied to historical giant communal
homes, Fujian Tulou, consisting of five buildings.
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1 Introduction

Historical buildings are symbols of specific eras. They have geographical and histori-
cal value and can vividly express past people live and the aesthetic and philosophy of
the architect. Regular inspection of the historical buildings is essential to monitor their
condition. Unmanned Aerial Vehicle (UAV) provides the ability of remote inspection
by reaching the area that is hard for people to access. It provides the flexibility of
building inspection. UAVs can gain different digital imagery with different cameras
or sensors, such as ultrasonic sensors, high-resolution cameras, laser scanners, ther-
mal cameras, near-infrared cameras [1, 2].

The collected data can be processed using computer vision and other technologies
to detect surface decencies of infrastructure, including spalling, cracking, distortion,
rusting, excessive movements, and misalignment [1]. Path planning for UAV-based
inspection requires to find a path which is efficient and informative to obtain data
from different views [1]. It also requires obstacle avoidance with an effective and
optimal path if possible [1, 2]. In this research, path planning for UAV-based inspec-
tion of a group of historical buildings, Fujian Tulou. A Tulou is usually a large, en-
closed, and fortified earth building, most commonly rectangular or circular in config-
uration, with very thick load-bearing rammed earth walls between three and five sto-
ries high and housing up to 800 people. Figure 1 shows the Tianluokeng Tulou clus-
ter, consisting of five buildings with a square building in the center.
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Fig. 1. Photo of the Tianluokeng Tulou cluster

2 Related Work

Regular inspection of buildings is required to ensure their condition is safe. It is more
important to the historical buildings as heritage [3]. In general practice, the inspection
is conducted by taking photos directly for every element to record the dilapidation or
damage, which is expensive and time-consuming [2, 3]. With the development of
UAYV and relevant photogrammetry technologies, it provides great flexibility in many
fields, such as urban planning, security, rural environment monitor [4], and recently
building inspection [1, 3, 5-8].

The research of building inspection is to check the environmental condition and the
appearance of a building and evaluate the condition of building [3]. The UAV survey
is aiming to model the structure and recognize the condition [7]. UAV-based photo-
grammetry allows full documentation of buildings and evaluates the condition of
buildings with less human resources in a short time, particularly for the places that are
hard to reach [2-5].

UAVs follow a programmed flight path, capture digital images, and obtain survey
data for unreachable areas from a terrestrial platform [2, 4]. UAVs are equipped with
sensors for 3D data acquisition, obstacle avoidance, and navigation [1, 2, 4]. It
achieves low cost and higher flexibility [8]. The survey data can be different from
some special sensors, such as images, Forward-Looking Infrared technology, laser
scanner, 3D point cloud, multi-attributed point cloud, and separate strips [2, 4, 8, 9].

Close range photogrammetric images or laser scanning data, or the combination of
both are generally used for documentation of building inspection [2, 5]. With proper
path planning, UAV can create a precise model of buildings with 2D photographs
with dedicated software for identifying the defects [5]. The geometry of buildings is
measured in the inspection, and required documentation is usually in the form of pho-
togrammetric images [4, 9]. Deep learning algorithms and advanced photogrammetric
techniques are employed to record building damages by a true-orthophoto autono-
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mously [10]. A Convolutional Neural Network is fine-tuned for detecting surface
crack [11].

There are many algorithms and methods that can be used for UAV path planning,
such as rapidly exploring tree, genetic algorithm, particle swarm optimization, and A*
search. They can also be used for building inspections. Particle swarm optimization is
improved as enhance discrete particle swarm optimization for path planning of UAV
inspection for bridges or buildings which have planar surfaces [1]. Besides, the in-
spection of the Perak Museum plans the path as flying from the bottom to the top of
the building and moving to the right side, then moving to the ground [3]. The most
common method for path planning in building inspection is the back and forth path.

However, a specific method should be applied for optimizing UAV path planning
in different cases. This paper presents a UAV path planning approach for multi-
building inspection, which is applied to a group of historical buildings, Fujian Tulou.
They are unique enclosed and fortified earth buildings, and the general back and forth
path is not an efficient path for inspection of the entire building. In order to inspect
the condition of the entire buildings, including both interior and exterior side of the
buildings and their roofs, to check if they are under good condition, optimal path
planning is required. The building inspection methods proposed in the literature are
only for a single building. But in our case, a group of buildings is inspected together,
which requires path planning for different buildings and between the buildings.

3 Path Planning Algorithm

The proposed path planning algorithm generates helix paths for a single building
inspection and defines the points for collecting inspection data with reasonable time
slots. After inspecting one building, the UAV flies to another building with a trajecto-
ry based on a cost matrix and a visited vector. The planning of the entire inspection
path is evaluated considering several factors, such as distance, time, and altitude.

3.1  Description of the algorithm

Using x(t),y(t),z(t) to indicate the position of the UAV at the specific time t. The
helix path for single building inspection can be defined as:

x(t) = r=sin(vt/2nr) + x4 )
y(t) = r=*cos (vt/2mr) + y, 2)
z(t)z%*t+ z,+ 1 3)

where xg, Y, Z4 is the center coordinate of the ground floor of a building; v is the
UAYV flight speed, 4 is the height of each floor of the building, and r is the radius of
the helix path. For interior side inspection, r is the radius of the building minus a few
meters, for exterior inspection, r equals the radius of the building plus 2 meters.
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With an optimal UAV flight speed v, decided by the onboard sensors and inspec-
tion condition, the time required for inspection one building with n floors is:
2nrn

Ts = 4)

v

After the inspection of one building’s interior and exterior side, the UAV flies to
another building for inspection. The principal consideration for path planning between
buildings is the costs of distance, then attitude and time. The point of tangency of the
helix path is selected to reduce the costs by a smooth path and avoid collisions with
buildings, which is represented as (xg, ¥y, Zg), and z, is considered as the height as the
destination building. The last point of the previous path is (x;, ¥4, 2z;), The last point
of the previous path on the same height as the point of tangency is (x4, Y1, Zy). The
Pythagorean Theorem is used to calculate the point of tangency, where the distance
between the center point and the point of tangency is the radius of the destination
building plus 5 meters to avoid collisions.

c= \/(x1 —x)%+ (V1 — Ye)?
a=1r+5
b=+vc? —q? (5)

where (x.,y.) is the coordinate of the center of the destination building, and r is the
radius of the destination building.

The equations of x,, y, are calculated with (5) as:
a® = (xo — %)% + (Vo — ¥e)? (6)
b? = (xo — x1)* + (Vo — ¥1)? (7
where (x., y.) is the coordinate of the center of the destination building.

Then make the solution to equations that is close to the destination as (X, Yo, Zo)-
The path is generated by three points, the start coordinate (x;, Y, z;), the destination
coordinate located in the next building, and (x,, y,, zy) Which calculated by (5-7). The
points of the path between the buildings is represented as (x(t),y(t),z(t)) at the
specific time t. The equations of x(t), y(t) are:

x(t) = a;t? + bt + ¢, (8)
y(t) = aztz + bzt + CZ (9)

where a,, by, c; are the coefficients of x(t), and a,, b,, c, are the coefficients of

y(@®).

Point 1 is the start coordinate (xq,y;, z;). Point 2 is (xy, Yo, Zo), and Point 3 is the
destination coordinate. The maximum time slots for two path segments are t,,,,; and
tmaxz are calculated by the Euclidean distance:
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Distancel = \/(x; — %)%+ (y2 = ¥1)? + (22 — 2 )?
taey = Dist(:ncel (10)
Distance2 = /(x3 — x2)2 + (y3 = ¥2)? + (23 — 2,)?
tany = Distance2 (11)

v

where Point 1 is (x4, Y4, Z1), Point 2 is (x,, ¥, Z,), Point 3 is (x3, 3, 23), and v is the
constant speed.

The coefficients of x(t), y(t) are calculated by the following system (12), (13):

0 0 1] raq (X1 ]

tmax1” tinazx1 L« |b1] = |x2 (12)
_(tmaxl + tmaxz)z tmax1 T tmax2 1_ €y [ X3 ]
0 0 1] ra, (V1 ]

tmaxlz tmax1 1] « b2 =12 (13)
»(tmaxl + tmaxz)z tnax1 T tmax2 1_ L C2 ] L Y3 ]

where a4, by, ¢; are the coefficients of x(t), and a,, b,, ¢, are the coefficients of y(t);
tmaxt 18 the maximum time slot for traveling from Point 1 to Point 2, t,;,4,, is the
maximum time slot for traveling from Point 2 to Point 3.

The equations of z(t) is:

2(t) = as[(x(O) = x)? + (O = y)?] + b/ (x(®) = )2 + V() — y1)2 + ¢35 +
7 (14)

where a3, b, c5 are the coefficients of z(t), and (x4, y;,2,) is the start coordinate of
the path segment.

The coefficients of z(t) are calculated by the following system (15):
0 0 11 ra; Tz

(2 —x)?+ (2 —y1)? O —x)%+ 0 —31)? 1]« Ibg = Izz -7 l (15)
(x3 —x1)% + (3 — 31)? \/(xs —x)?+ (s —y1)? 1 €3 T4

where a3, by, c3 are the coefficients of z(t), Point 1 is (x,y;,2;), Point 2 is
(x5, ¥2,Z,), and Point 3 is (x3, ¥z, Z3).

The path of n points is stored as:

X1 Y1 4
X2 Y2 2y

Points =|x3 ¥3 23 (16)

Xn Yn Zn
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3.2  Cost functions

The cost function is to evaluate the paths, and the path with minimal cost is considered
as the best path. The weights of cost functions of the inspection and flying between the
buildings are different.

The cost function is defined as:

fCost = Wp * fdistance + Wy * ftime + W3 * faltitude (17)

where the sum of wy, w, and ws is 1, fyistance 18 the cost function of the distance,
frimels the cost function of flight time, f,;¢iruqe 1S the change of the altitude. For in-
spection, w; is smaller than w, and w;, because the distance is not the primary consid-
eration. But for traveling between buildings, w; is larger than w, and w;.

Distance

The cost function of distance is:

faistance = Xt=0 \/(xtNext = X )%+ Venext — Ve )* + Genext — 2¢)? (18)

where n is the size of t in the path, and

\/(xtNext — %)%+ WVinvext — Ve)? + Zenexe — 2: )% is the distance between the
positions of each two .

Altitude

The cost function of altitude is:

faitituaze = Z?:ov (Zenext — 7t )? (19)

where n is the size of 7 in the path, and \/ (Zeyex: — Z¢ )? is the change of altitude be-
tween the positions of each two .

Time

The cost function of time is:

ftime = ?=0‘/(xtN€Xt_ Xt )2+(J’tNe;ct— Ve )2+ (ZeNext— Zt )? 20)
t
where n is the size of t in the path, and

V &enext — %6)% + Oevext — Ve )? + (Zenext — 2¢)? is the distance between the
positions of each two ¢, and v, is the current v. v, is determined by the change of alti-
tude. v, is different when the UAV is descent, ascent, or flying at the same altitude.
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3.3 Implementation of the Algorithm

We implement the algorithm as follows: building the model for the Fujian Tulou,
generate the path, then generate the points of collecting inspection data for exterior
and interior side inspection. After inspecting one building, the UAV is planned to fly
to another building.

The path of inspection is generated by (1), (2), and (3). The line space of ¢ is set to
0.01. (x4, y4,Z4), the number of floors, the radius of each building, the height of each
floor, the height of the roof are inputted. Once z(t) reach to the specific height based
on the inspection type, the iteration terminates and record current 7 as tyg,. Z(t) is
designed to almost reach the roof for exterior inspection and over the height of the
building for interior side inspection to cover more areas. Using an empty matrix to
store the points of the path as (16).

The points of generating inspection data are calculated from the generated paths,
and they are related to the total number of rooms. The total room number is calculated
based on the number of floors in the building and the number of rooms on each floor,
and it is inputted with the path for generated points of generating inspection data as (4).
The points of generating inspection data are concentrated in the middle of the path to
generating valid inspection data for inspection. Then connecting the paths of the
interior and exterior side inspection through the door and inspecting the entrance hall.
The UAV is assumed to be charged after the interior side inspection or the exterior side
inspection of one building.

There are five buildings: 1 2 3 4 5, and the order of buildings is determined by
the cost matrix (17). Update the visited vector if the building has been visited and
update the related costs of the visited building as 999. After defining the order, using
(5) — (7) to get (xo, Vo, Zg), then generate the path between every two buildings by
(8) - (15).

999 cost(1,2) cost(1,3) cost(1,4) cost(1,5)
cost(2,1) 999 cost(2,3) cost(2,4) cost(2,5)
Cost = |cost(3,1) cost(3,2) 999 cost(3,4) cost(3,5) 21
cost(4,1) cost(4,2) cost(4,3) 999 cost(4,5)
cost(5,1) cost(5,2) cost(5,3) cost(5,4) 999

When processing to another building, the center and radius of the destination build-
ing are inputted to calculate a, b, ¢ for the Pythagorean Theorem. Basing on the start
coordinate and the destination coordinate and combining with Pythagorean Theo-
rem, X, Y, can be calculated as (5) — (7). The height of this point is supposed to be the
same height as the destination point. Also, there will be two solutions for x, ¥y, using
the Euclidean distance to measure which one is closer to the destination point, and get
the one that is closer to the destination point as the only solution.

Setting Point 1 as the start point. Point 2 and Point 3 are determined by the dis-
tance. If the (xy, ¥y, Zy) is closer to the start point than the distance between the start
point and the destination point, then Point 2 is (X, ¥y, Zp). Otherwise, Point 2 is the
destination point. The coordinates of Point 1, Point 2, Point 3, and the destination are
inputted for generating a path between two buildings. The constant speed is set to
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ay a, as
calculate t,,,,1 and t,, 2. The coefficients [hl , bzl and [b3 are calculated for
o) c

C2 3
getting the equations of x(t),y(t),z(t) as (8) —(15). The line space of ¢ is set to 0.01

for x(t),y(t),z(t). If the path almost reaches the destination, the iteration terminates.

4 Simulation results

The model of the Fujian Tulou is presented in Figure 2, and the number is marked
with each building:

Fig. 2. The Fujian Tulou

To validate the algorithm, we use the simulation for path planning with MATLAB.
The center coordinate and the radius of each building are inputted for generating the
path of inspection, but the radiuses of building 5 are different between interior and
exterior side inspection due to the particularity of the building. The speed of ascent is
set to 6 m/s, the speed of descent is 4 m/s, and the speed is 18 m/s. When the UAV in
the points of generating inspection data, UAV hovers. Because Building 5 is
rectangular in configuration, we have considered making a similar path as the shape of
the building, while the cost is higher than the helix path.

Figure 3 shows the flight path for each building, and the points of generating
inspection data are marked by “*”.

Fig. 3. The flight path for each building

The start building is Building 1. From the cost matrix (17) and the visited vector,
the order of traveling the buildings is calculated as 1 2 5 4 3 by Dijkstra's algorithm.
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The start point for Building 1 is the start of the exterior inspection path, which is close
to the top of Building 1.

Figure 4 integrates the flight path as Path 1 for the group of buildings, and
(%9, Yo, Zo) is marked by “0.”

Fig. 4. The 3D flight path (Path 1) from the side viewpoint

Figure 5 presents the 3D flight path for the group of buildings from the top view-
point.

Fig. 5 The 3D flight path (Path 1) from the top viewpoint

Figure 6 shows another 3D flight path as Path 2 for the group of buildings. The
path segments between the buildings are different. The destination points of Building
5 and 4 are different, so the direction of the inspection paths has been revised.

et v g o

Fig. 6. Another 3D flight path (Path 2) from the side viewpoint
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Figure 7 displays another 3D flight path for the group of buildings from the top
viewpoint.

Fig. 7. Another 3D flight path (Path 2) from the top viewpoint

The traditional back and forth paths are usually applied to the exterior area of each
building to get the inspection data. The back and forth paths are programmed to com-
pare with the proposed methodology. The distance between the inspected building
and UAYV is equal to or less than 2m [3]. The path length of the horizontal flight is
2m. Figure 8 demonstrates the back and forth paths for the exterior area without de-
fining the points of generating the inspection data.

Fig. 8. The back and forth paths (Path 3) for each building

Setting the back and forth path for the vertical flight for Path 4 in Figure 9.

Fig. 9. Another back and forth paths (Path 4) for each building
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The costs of the entire path are related to the path of each building, and the paths
between every two buildings and the direction of the flight path are important. Table 1
shows the costs for the paths generated by the proposed methodology. Path 1 and Path
2 are generated by the proposed approach. Total cost calculates the costs of inspecting
buildings and traveling between buildings. Path 3 and Path 4 are the back and forth
paths without defining the inspection points. Table 2 shows the costs of the path of
each building.

Table 1. Costs

Pa | Each building The path between Total
th | Buildi | Buildi | Buildi | Buildi | Buildi | Build | Build | Build | Build | cost

ng 1 ng 2 ng3 ng 4 ng5 ing 1 |ing 2 | ing 5 | ing 4
and2 | and5 | and4 | and 3

Pa | 5325 | 5325 | 469.2 | 633.2 | 606.2 | 55.36 | 4637 | 51.98 | 43.97 | 2971.5
th | 874 874 459 072 504 32 45 92 98 849

Pa | 5325 | 5325 | 4735 | 633.2 | 606.2 | 55.36 | 46.37 | 72.98 | 68.66 | 3021.5
th | 874 874 241 072 504 32 45 40 34 415

Table 2. Costs of each building

Path Building 1 Building 2 Building 3 Building 4 Building 5
Path 1 532.5874 532.5874 469.2459 633.2072 606.2504
Path 2 532.5874 532.5874 473.5241 633.2072 606.2504
Path 3 859.4475 859.4475 746.5488 975.0643 859.4475
Path 4 600.1694 600.1694 542.8375 695.7231 600.1694

From comparing the costs among paths, Path 1 has the lowest costs, and the total
cost of Path 1 is 2971.58. For a single building inspection, the proposed methodology
has much lower costs than the back and forth path. The points of generating the in-
spection data are not defined for the back and forth paths, and the back and forth paths
are only for the exterior area. The costs of the proposed methodology for the single
building include the exterior and interior side inspection path, and the consumed time
for hovering and generating the inspection data. The costs of Path 3 and Path 4 only
include the exterior path, but they are usually higher than the proposed methodology.
If the back and forth path wants more coverage, the costs rise rapidly. The total costs
of the back and forth paths must be much higher than the proposed methodology if
considering the consumed time of generating the data, the interior path, and the path
of traveling between buildings. The proposed methodology ensures higher perfor-
mance with a smoother path, fewer costs, and more coverage.

5 Conclusion

The path planning approach is developed for multi-building inspection with UAV,
with the paths for traveling between buildings. The algorithm uses the helix path for
collecting single building inspection data because the helix paths have a smooth turn

11
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angle and broader coverage. For traveling between buildings, both cost matrix and a
visited vector are employed to calculate the order of processing inspections. The cost
function assigns different weights to the cost for a single building and for traveling
between buildings, basing on the intention of inspection. The factors considered in the
cost function are distance, time, and altitude, as altitude change affects speed and
energy consumption. The proposed path planning has been compared with the tradi-
tional back and forth path, and it has much better performance with less cost.
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