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ABSTRACT

AUTONOMOUS AND MANUAL DRIVING OF A MULTIPLE-TURRET
SYSTEM IN EXTREME ENVIRONMENT
Yerlikaya, Ümit
Doctor of Philosophy, Mechanical Engineering
Supervisor: Prof. Dr. R. Tuna Balkan

June 2021, 170 pages

In this thesis, firstly two methods are developed to obtain multi-dimensional
configuration space for path planning problems. In typical cases, the path planning
problems are solved directly in the 3-D workspace. However, this method is
inefficient in handling the robots with various geometrical and mechanical
restrictions. To overcome these difficulties, path planning may be formalized and
solved in a new space which is called configuration space. In the first method, the
point clouds of all the bodies of the system and interaction of them are used. The
second method is performed via using the clearance function of simulation software
where the minimum distances between surfaces of bodies are simultaneously
measured. A sample 4-D configuration space of a double-turret system is obtained
in these two methods. As a result of this, the difference between these two ways is
about 1% which depends on the point cloud density.
Then, Instead of using the tedious process of manual positioning, an off-line path
planning algorithm has been developed for military turrets to improve their accuracy
and efficiency. In the scope of this research, an algorithm is proposed to search a
path in three different types of configuration spaces which are rectangular, circular
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and torus shaped by providing three converging options named as fast, medium and
optimum depending on the application. With the help of the proposed algorithm, 4dimensional (D) path planning problem was realized as 2-D + 2-D by using 6
sequences and their options. The results obtained were simulated and no collision
was observed between any bodies in these three options.
Finally, with the help of new collision avoidance algorithm, all types of turrets can
be driven more efficiently and safely according to the specified speed, acceleration
and jerk limits. Since all possible worst scenarios are examined one by one, it is
guaranteed that the algorithm provides collision free motion in both simulations and
real-time tests. A configuration space where worst scenarios can occur is created for
the performance measurement of the algorithm, and the same space is used in all
tests. As a result of these tests, it is shown that there is no collision. Finally, by adding
cascade position control loop, the departure from the starting point to the desired
target point is achieved without any collision. The most important feature that
distinguishes this algorithm from others is both speed and position can be controlled
and during transition phase, the target point can be changed instantly. In addition, no
target position is required for the system to move collision-free, only axis speed
commands are sufficient. Since the algorithm does not intervene in the speed and
torque loops in contrast to potential field-based methods, it can be added to readyto-use systems by manipulating only the speed references.

Keywords: End Damping Algorithm, Collision Avoidance, Configuration Space,
Path Planning, Stabilized Gun Turrets
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ÖZ

ÇOKLU BİR KULE SİSTEMİNİN AŞIRI ORTAMDA OTONOM
VE MANUEL SÜRÜŞÜ
Yerlikaya, Ümit
Doktora, Makina Mühendisliği
Tez Yöneticisi: Prof. Dr. R. Tuna Balkan

Haziran 2021, 170 sayfa

Bu tezde öncelikle yol planlama problemleri kapsamında çok boyutlu konfigürasyon
uzayı elde etmek için iki yöntem geliştirilmiştir. Yol planlama problemleri genellikle
doğrudan 3 boyutlu çalışma alanında çözülür. Ancak bu yöntem, çeşitli geometrik
ve mekanik kısıtlamalara sahip robotların işlenmesinde yetersiz kalmaktadır. Bu
zorlukların üstesinden gelmek için, yol planlaması biçimselleştirilebilir ve
konfigürasyon uzayı adı verilen yeni bir uzayda çözülebilir. Birinci yöntemde,
sistemin tüm gövdelerinin nokta bulutları ve bunların etkileşimi kullanılır. İkinci
yöntem, vücut yüzeyleri arasındaki minimum mesafelerin aynı anda ölçüldüğü
simülasyon yazılımının boşluk fonksiyonu kullanılarak gerçekleştirilir. Bu iki
yöntemde bir çift taret sisteminin örnek bir 4-D konfigürasyon alanı elde edilir.
Bunun bir sonucu olarak, bu iki yol arasındaki fark, nokta bulutu yoğunluğuna bağlı
olarak yaklaşık %1'dir.
Ardından, sıkıcı manuel konumlandırma sürecini kullanmak yerine, askeri taretlerin
doğruluklarını ve verimliliklerini artırmak için çevrimdışı bir yol planlama
algoritması geliştirilir. Bu araştırma kapsamında, uygulamaya bağlı olarak hızlı, orta
ve optimum olmak üzere üç yakınsayan seçenek sağlanarak dikdörtgen, dairesel ve
torus şekilli olmak üzere üç farklı konfigürasyon uzayında yol aramak için bir
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algoritma önerilmiştir. Önerilen algoritma yardımıyla 6 dizi ve seçenekleri
kullanılarak 4 boyutlu (D) yol planlama problemi 2-D + 2-D olarak
gerçekleştirilmiştir. Elde edilen sonuçlar simüle edildi ve bu üç seçenekte hiçbir
cisim arasında çarpışma gözlemlenmedi.
Son olarak, yeni çarpışmadan kaçınma algoritması sayesinde her türlü taret belirtilen
hız, ivme ve sarsıntı limitlerine göre daha verimli ve güvenli bir şekilde
sürülebilmektedir. Olası tüm en kötü senaryolar tek tek incelendiği için hem
simülasyonlarda hem de gerçek zamanlı testlerde algoritmanın çarpışmasız hareket
sağlaması garanti edilmektedir. Algoritmanın performans ölçümü için en kötü
senaryoların oluşabileceği bir konfigürasyon alanı oluşturulur ve tüm testlerde aynı
alan kullanılır. Bu testler sonucunda çarpışma olmadığı gösterilmiştir. Son olarak,
kademeli konum kontrol döngüsü eklenerek, herhangi bir çarpışma olmadan
başlangıç noktasından istenen hedef noktasına hareket sağlanır. Bu algoritmayı
diğerlerinden ayıran en önemli özelliği hem hız hem de konumun kontrol
edilebilmesi ve geçiş aşamasında hedef noktasının anlık olarak değiştirilebilmesidir.
Ayrıca sistemin çarpışmasız hareket etmesi için herhangi bir hedef pozisyon gerekli
değildir, sadece eksen hız komutları yeterlidir. Algoritma potansiyel saha tabanlı
yöntemlerin aksine hız ve tork döngülerine müdahale etmediği için sadece hız
referansları manipüle edilerek kullanıma hazır sistemlere eklenebilir.

Anahtar Kelimeler: Son Kontrol Sönümleme Algoritması, Çarpışmadan Kaçınma,
Konfigürasyon Uzayı, Yol Planlama, Stabilize Silah Taretleri
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CHAPTER 1
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1.1

INTRODUCTION

Motivation

The robotic manipulation is an established technology that is widely used in the
industry [1]. Besides, the topic of Industry 4.0 has become popular among many
companies, research centers, and universities. The transition to industry 4.0, the rise
of unmanned and smart factories, smart production, machine-to-machine and
advanced manufacturing have greatly increased the need for co-working robots and
robots with a certain degree of independence has become more attractive [1-6]. Also,
robotic systems have become indispensable for the military as well. The need for
remote controlled weapon systems and multiple missile / rocket launcher systems is
increasing day by day. They use these systems to increase military capability and
security of forces and allow personnel to concentrate on specific tasks which can
only be fulfilled by manpower. With the development of robotic systems, most
military systems have now become remotely controllable, and this has significantly
reduced the need for military personnel [7]. As the number of remote-controlled
systems on military vehicles increase, autonomous driving of the systems and the
use of collision avoidance algorithms are inevitable.
Although there are no works directly focusing on the path planning and collision
avoidance of turrets in the literature, algorithms for the braking and overtaking needs
of similar robotic systems, Unmanned Aerial Vehicles and autonomous vehicles can
be guiding. Within the scope of this thesis, our motivation is to overcome this
deficiency. Motivated by the above problems, we focus on the new collision
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avoidance algorithm named as End Damping Algorithm which provides systems to
be driven both in speed and position control modes more efficiently and safely.

Figure 1.1. Jobaria multiple cradle launcher [8]
A multiple cradle launcher in Figure 1.1 can be an example for this study. 3
dependent turrets that have 2 DOFs in each one means that the whole system has 6
DOFs in total [8] with some constraints. It is impossible to rotate turrets
independently because of the space restrictions. Examples of similar problems can
be reproduced as in Figure 1.2 and Figure 1.3 is an infantry fighting vehicle with two
turrets which have 2 DOFs each which means that the whole system has 4 DOFs in
total [9].

Figure 1.2. Infantry fighting vehicle with multiple turrets [9]
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Also, the configuration in Figure 1.3 can be another example where two robotic
manipulators are working together in the same environment which creates collision
problems [10]. Each manipulator in the Figure 1.3 has 6-DOFs and satisfies the
Pieper criterion, that is, the last three consecutive axes wrist of the robot intersect at
one point, and therefore it is possible to model the last 3 DOFs of the manipulator as
a sphere that covers all the motion of last 3 links. So, the motions of two manipulators
can be expressed as a 6-dimensional configuration space which helps to conduct the
path planning without colliding.

Figure 1.3. Model of two manipulators [10]
Path planning can be done both on-line and off-line to overcome these challenges
and obtain multi-dimensional configuration space. These approaches can provide
both benefits and drawbacks to the structures they are applied to. Since the online
methods identify objects in the workspace at the same time, the configuration space
is continually updated. This method benefits from continuous updating of the
configuration space, but the electronic devices used for updating will make the
system more costly. Off-line strategies are less expensive as long as the workspaces
of the cooperating robots do not shift.
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1.2

Literature Survey

Potential field algorithms can be used to explicitly formalize and solve motion
planning problems in the 3-D workspace [13]. These workspace solutions, on the
other hand, cannot easily accommodate robots with various geometrical and
mechanical constraints. Path planning can be formalized and solved in a new space
called configuration space [14-18] to solve these problems. In a 2-D workspace, a
complex geometrically formed robot is mapped to a point robot; as a result, the
robot's motion corresponds to a continuous curve in the high-dimensional C-Space,
as shown in Figure 1.4.

Figure 1.4. Workspace and C-Space for 2-D [11]

An example of 3-D workspace and C-space is given in Figure 1.5. In two stages, we
can solve the issue of motion planning [11]. To move robots or manipulators to target
positions without colliding, first acquire the configuration space and then optimize
the C-space that has been discovered. The configuration space is generated by
integrating all of the cooperative systems' possible motions. A defined safety factor
may also be used to extend the mapping of obstacles in configuration space. The
safety factor is calculated based on the minimum safe distance between the
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cooperators. For the 2-D case, the "Minkowski" sum form [11, 12] can be used as
shown in Figure 1.6.

Figure 1.5. An example of 3-D workspace and C-space [11]

Figure 1.6. Minkowski sum method [11]
We would be interested in the configuration space of systems that do not alter
regularly, in other words, off-line systems, in this study. The resulting configuration
space should be modified if the workspace is altered.
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Many studies on collision-free motion in multi-robot systems have been published
in the literature. However, there are a few papers on collision-free motion preparation
of dual-arm robots, which is a subject that is close to multiple-turret systems. There
are some obvious similarities between them in terms of collision-free motion
preparation. The collision-free motion planning for two R–P robots is analyzed using
Freund and Hoyer's algorithm [19], which considers a hypothetical robot whose
effector is permanently collided with that of the master robot. By introducing a safety
factor for minimum robot clearance, a trajectory can be achieved without collision.
In another research, a 2-D horizontally articulated dual-arm SCARA robot as shown
in Figure 1.7 is studied [20]. The configuration space (C-Space) of the related robot
(4-R) is derived using the reachable manifold and touch manifold principle, which is
insufficient to handle complex geometric shapes; thus, robot arms are depicted using
simplistic shapes such as rectangles. Furthermore, all revolute joints can only rotate
in a certain range; none of them can rotate completely which is limiting the doubleturret system's capability.

Figure 1.7. (a) dual-arm SCARA robot (b) a sketch of this robot [20]
The study of navigation can be divided into two categories: global route planning
and local collision avoidance. Local collision avoidance takes a given waypoint
assignment as a local aim to avoid obstacles, while global route planning algorithms
construct a group of waypoints from a start location to a target position, navigating
through obstacles in a working space and configuration area [21,22]. Since the
1970s, path planning has attracted a lot of attention [23]. For the last four decades,
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several algorithms have been known for. Potential field method [24], heuristic search
method [25], and graph strategy [26] are all used in these algorithms.
Global route planning algorithms are used for missile system launchers because it is
more important to travel from one position to another than to follow a trajectory,
while local collision avoidance algorithms are used for armored ground vehicle
turrets. As a result, real-time collision avoidance algorithms are getting a lot of
attention. Local approaches include the Velocity Obstacle, Set-Based Guidance,
Vector Field Histogram, and Dynamic Window Approach. Borenstein and Koren
proposed the Vector Field Histogram (VFH) [27] technique for collision avoidance
for flexible robots in 1991. It was introduced by Khatib in 1985 [28] as a solution to
the fundamental issues of the Potential Field strategies. The Dynamic Window
Approach (DWA) was introduced by Fox, Burgard, and Thrun in 1997 as another
technique for collision avoidance for flexible robots [29]. The Dynamic Window is
a diminished speed space containing only the speeds reachable inside a short measure
of time and that guarantees a way where the robot is capable to stop securely. An
objective function is controlled by consolidating the speed of the robot, the
advancement towards the objective and the separation between the robot and the
hindrance. It brings about a harmony between keeping a rapid motion towards the
objective and performing sly moves to dodge deterrents. The translational and
rotational speeds are picked by maximizing the objective function. Since most robots
have some sort of limitations on speed and acceleration, DWA is particularly decent
since it handles this automatically [30]. Velocity Obstacle (VO) was first published
by Fiorini and Shiller in 1998 [31]. VO is a movement arranging strategy for robots
in extreme situations. It aims to find all speeds for which the robot will crash into a
deterrent sooner or later. These speeds will make confined regions in the speed space
molded like cones, one for each obstacle.
Potential filed method, reactive methods, deformable virtual zones, velocity
potential field and acceleration velocity obstacle can be cited as examples of local
collision avoidance algorithms where intervention to speed and even torque loops is
inevitable for implementation [32-35]. These proposed collision avoidance
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algorithms for autonomous vehicles [36-42] are not easy to apply directly to turrets
with two different independent axes, as these algorithms perform their maneuvers by
braking or steering [43-46].

1.3

Contribution of the Thesis

The main contributions in this thesis are summarized as follows.
(1) High-dimensional C-Space of any system can be obtained by using intersections
of point clouds in space, independent of the shapes and sizes of the system
components and without the need to surround these shapes with familiar shapes.
(2) An algorithm is proposed for the satisfaction of path planning in a 4-D C-Space.
(3) With the proposed algorithm, it is now possible to work on the different C-Spaces
like circular and torus shaped C-Spaces in addition to rectangular shaped C-Space.
(4) Since the configuration spaces of two or more aligned multiple-turret systems
can be obtained using the 4-D C-Spaces of adjacent turrets, more than two aligned
turrets on the same platform can be driven as well.
(5) The user can drive the turret on any axis and at the desired speed without paying
attention to the obstacles and specifying a target position.
(6) The obstacles are defined as Cartesian based rectangles in configuration space so
that they can be expressed with fewer parameters.
(7) The system acts in compliance with all speed, acceleration and jerk limits.
(8) Even in situations such as avoiding obstacles, deceleration/acceleration, if there
appear new commands from user which does not cause a collision, the algorithm
starts to apply the new commands which is so critical for military systems to reduce
response times.
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(9) By only adding cascade position control loop, the departure from the starting
point to the desired target point can be achieved by using same algorithm and during
transition phase, the target point can be changed instantly.
(10) Since the algorithm does not intervene in the speed and torque loops in contrast
to potential field-based methods, it can be added to ready-to-use systems by
manipulating only the speed references.

1.4

Outline of the Thesis

The rest of the thesis is organized as follows.
In the second chapter, the subject of how to obtain the high dimensional
configuration space is discussed and it has been shown that it can be obtained in two
different methods. In order to compare these two methods, a double-turret system
and its 4-D C-space are focused on. Then, the accuracy of the configuration space is
proved using the obtained paths on the simulation model of the double-turret system.
In the third chapter, after obtaining of high-dimensional C-Space with point clouds,
the approach of path planning on 4-D C-Space is proposed. How to handle C-Spaces
of the systems with more than two turrets is described. The performance of the
proposed algorithm is simulated on the triple-turret system and finally the results are
summarized and discussed.
In the fourth chapter, for the satisfaction of collision avoidance requirement, an
algorithm named as End Damping is proposed. The proposed algorithm itself and
possible worst cases are examined. The algorithm is tested on both simulation and
real-time test benchmarks in all possible scenarios including all worst cases. The
simulation and experimental results are illustrated and the results are summarized
and discussed.
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CHAPTER 2

2

OBTAINING OF CONFIGURATION SPACE

The shift to Industry 4.0, as well as the rise of autonomous and smart factories, smart
development, machine-to-machine and advanced manufacturing, has significantly
increased the demand for co-working robots, making robots with a degree of
autonomy more appealing [1-4]. However, as more complex and intelligent
operations are developed, complex tasks in certain processes can no longer be
completed effectively with just a single manipulator. At the same time, it is well
understood that coordinating two manipulators increases the task's complexity while
also improving its performance. When the two manipulators operate in the same
workspace, however, it is possible for them to collide with each other and with the
obstacles in the environment, so the coordinated activity of the two manipulators has
become a hot topic for researchers [5].
The number of dimensions in the configuration space is determined by the number
of degrees of freedom (DOFs) in the structure under consideration. There are
numerous studies on route planning in configuration space in the literature. To check
their route planning strategy, they often used a sample 2 or 3-dimensional
configuration space [5-8]. Unlike those studies, however, this one aims to develop
methods for obtaining high-dimensional configuration spaces for real-world
structures such as robotic manipulators, turrets, and so on [9-10].
Jobaria, a multiple cradle launcher shown in Figure 1.1, can be used as an example
in this analysis. With three dependent turrets, each with two degrees of freedom
(DOFs), the system has a total of six degrees of freedom (DOFs) [9] with some
constraints. Due to space constraints, it is difficult to rotate launchers independently.
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An infantry combat vehicle with two turrets, each with two degrees of freedom, can
also be used as an example for this study [10].
Also, the configurations in Figure 2.1 can be similar examples where two robotic
manipulators or dual-arm robots are working together in the same environment
which creates collision problems [5]. The motion of two dual-arm robots, each of
which has 2 degrees of freedom in Figure 2.1 (a), can be defined as 4-dimensional
C-Space. Each manipulator in the Figure 2.1 (b) has 6-DOFs and satisfies the Pieper
criterion, that is, the three consecutive axes of the robot intersect at one point, and
therefore it is possible to model the last 3 DOFs of the manipulator as a sphere that
covers all the motion of last 3 links. So, the motions of two manipulators can be
expressed as a 6-dimensional configuration space which helps to conduct the path
planning without colliding. To handle these difficulties and obtain high-dimensional
configuration space, there are on-line and off-line methods to conduct path planning.
These methods can provide advantages and disadvantages to the systems they are
used. Because the online methods recognize objects in the workspace
simultaneously, it constantly updates the configuration space. The continuous
updating of the configuration space provides advantages for this method, while the
electronic devices used for updating can make the system more expensive. As long
as the workspaces of the robots which are working together do not change, off-line
methods are cheaper.

Figure 2.1. (a) collaborative dual-arm robots, (b) model of two manipulators
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2.1

Configuration Space

The motion planning problems can be directly formalized and solved in the 3-D
workspace, generally by the potential field algorithms [47]. However, it cannot be
easily handled the robots with various geometrical and mechanical restrictions by
these workspace solutions. To solve these difficulties, path planning may be
formalized and solved in a new space which is called configuration space [12, 1416]. The complex geometric shaped robot in a 3-D workspace is mapped to a point
robot, therefore the motion of the robot corresponds to a continuous curve in the
high-dimensional configuration space as given in Figure 2.2.

Figure 2.2. Workspace and C-Space representations [12]

We can solve the motion planning problem in two steps [12]. For robots or
manipulators to be driven to desired locations without colliding, firstly it is required
to obtain the configuration space and perform an optimization on the found C-Space.
The configuration space is created by combining all the possible motions that
cooperative systems can do. Besides, the mapping of the obstacles in configuration
space may be expanded by a specified safety factor. The safety factor is determined
according to the safe distance that must be between the co-operators. It can be done
by "Minkowski" sum method for the 2-D cases [12].
In this thesis, we will be interested in the configuration space of the systems which
does not change frequently, in other words, focused on the off-line systems. If the
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workspace is changed, then the corresponding configuration space should be
updated. During this study, we do not focus on path planning itself. Besides, there
will be some path planning solutions to verify the obtained n-dimensional
configuration space. There are two methods to obtain n-dimensional configuration
spaces which will be input for n-dimensional path planning. One of them is to obtain
n-dimensional configuration space for a system by using point clouds and the
detection of the intersection of these clouds. The other is to handle 3-D models and
degree of freedoms by using simulation softwares. During this study, the
configuration space will be obtained by using these two methods.

2.1.1

First Method: Obtain by Point Clouds

To obtain configuration space by using point clouds, firstly all the 3-D shapes are
converted into point clouds. For this purpose, any finite element meshing software
can be used. After creating a mesh of 3-D shapes, the point cloud representation of
the double-turret system can be seen as in Figure 2.3.

Figure 2.3. Point cloud representation of double-turret system
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The point clouds can be classified and represented as moving point clouds (MPC)
and fixed-point clouds (FPC) as seen in Eqs. (2.1) and (2.2).
𝑀𝑃𝐶 = {𝑀𝑃𝐶1 𝑀𝑃𝐶2 𝑀𝑃𝐶3 … . . }

(2.1)

𝐹𝑃𝐶 = {𝐹𝑃𝐶1 𝐹𝑃𝐶2 𝐹𝑃𝐶3 … . . }

(2.2)

Each element of MPC and FPC can be represented as in Eq. (2.3). The x, y and z
values of point clouds are given with respect to earth fix frame in order to check
collision easily.
𝑀𝑃𝐶𝑖 = [𝑋𝑖𝑛 𝑌𝑖𝑛 𝑍𝑖𝑛 1 ]

𝐹𝑃𝐶𝑘 = [𝑋𝑘𝑚 𝑌𝑘𝑚 𝑍𝑘𝑚 1 ]

(2.3)

where
𝑧𝑖1
𝑥𝑖1
𝑦𝑖1
𝑥𝑖2
𝑦𝑖2
𝑧𝑖2
𝑋𝑖𝑛 = ∙ 𝑌𝑖𝑛 = ∙ 𝑍𝑖𝑛 = ∙
∙
∙
∙
[𝑧𝑖𝑛 ]
[𝑥𝑖𝑛 ]
[𝑦𝑖𝑛 ]
𝑧𝑘1
𝑥𝑘1
𝑦𝑘1
𝑥𝑘2
𝑦𝑘2
𝑧𝑘2
∙
∙
𝑋𝑘𝑚 =
𝑌𝑘𝑚 =
𝑍𝑘𝑚 = ∙
∙
∙
∙
[𝑧𝑘𝑚 ]
[𝑥𝑘𝑚 ]
[𝑦𝑘𝑚 ]

(2.4)

For a given point cloud 𝑃𝐶𝐻 (n×4) in Cartesian coordinates, the translational and
rotational operations can be represented as below.

𝑇𝑉 𝑇

1
= [0
0
0

0
1
0
0

0 𝑡𝑥
0 𝑡𝑦
]
1 𝑡𝑧
0 1

(𝑃𝐶𝐻 )𝑇𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑒 = 𝑇𝑉 𝑇 ∙ 𝑃𝐶𝐻𝑇
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(2.5)

(2.6)

where 𝑉 = [𝑡𝑥

𝑡𝑦

𝑡𝑧 ]. First, the Cartesian based rotation vectors are defined in

three-axes as in Eq. (2.7).
𝑉𝑥 = [0 𝑟𝑦

𝑟𝑧 ],

𝑉𝑧 = [𝑟𝑥

𝑉𝑦 = [𝑟𝑥
𝑟𝑦

0 𝑟𝑧 ] ,

0]

(2.7)

Rotations are defined by 4×4 transformation matrices. Rotation about X-axis by an
angle of α, rotation about Y axis by an angle of β, and rotation about Z by an angle
of γ are defined, respectively, as
1
0
𝑅𝑥 (𝛼) = [0 𝑐𝑜𝑠𝛼
0 −𝑠𝑖𝑛𝛼
0
0

0
0
𝑠𝑖𝑛𝛼 0 ]
𝑐𝑜𝑠𝛼 0
0
1
−𝑠𝑖𝑛𝛽
0
𝑐𝑜𝑠𝛽
0

𝑐𝑜𝑠𝛽
𝑅𝑦 (𝛽) = [ 0
𝑠𝑖𝑛𝛽
0

0
1
0
0

𝑐𝑜𝑠𝛾
𝑠𝑖𝑛𝛾
𝑅𝑧 (𝛾) = [
0
0

−𝑠𝑖𝑛𝛾
𝑐𝑜𝑠𝛾
0
0

0
0]
0
1

(2.8)

0 0
0 0
]
1 0
0 1

All point clouds are created on Cartesian based as mentioned and therefore, rotated
point clouds about Cartesian axes can be obtained as below.
(𝑃𝐶𝐻 )𝑇𝑥 = 𝑇𝑉𝑥𝑇 ∙ 𝑅𝑥 (𝛼) ∙ 𝑇−𝑉𝑥𝑇 ∙ 𝑃𝐶𝐻𝑇

(2.9)

(𝑃𝐶𝐻 )𝑇𝑦 = 𝑇𝑉𝑦𝑇 ∙ 𝑅𝑦 (𝛽) ∙ 𝑇−𝑉𝑦𝑇 ∙ 𝑃𝐶𝐻𝑇

(2.10)

(𝑃𝐶𝐻 )𝑇𝑧 = 𝑇𝑉𝑧𝑇 ∙ 𝑅𝑧 (𝛾) ∙ 𝑇−𝑉𝑧𝑇 ∙ 𝑃𝐶𝐻𝑇

(2.11)
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The hull of the turret in Figure 2.3 can only rotate around y axis. Therefore, the point
cloud of hull can be rotated as in Eq. (2.10). However, the barrel of turret is mounted
directly to hull and therefore the point cloud of barrel has to be rotated first around
x axis and then around y axis with hull. Hence, the rotated point cloud of barrel can
be obtained as in Eq.(2.12).
𝑃𝐶𝐵 = 𝑇𝑉𝑦𝑇 ∙ 𝑅𝑦 (𝛽) ∙ 𝑇−𝑉𝑦𝑇 ∙ 𝑇𝑉𝑥𝑇 ∙ 𝑅𝑥 (𝛼) ∙ 𝑇−𝑉𝑥𝑇 ∙ 𝑃𝐶1𝑇

(2.12)

To find the distances between any point in 𝑀𝑃𝐶𝑖 and any point in 𝐹𝑃𝐶𝑗 , the matrix
operations given below are used.
𝑇
𝑋 = 𝑋𝑖𝑛 − 𝑋𝑘𝑚

𝑇
𝑌 = 𝑌𝑖𝑛 − 𝑌𝑘𝑚

𝑇
𝑍 = 𝑍𝑖𝑛 − 𝑍𝑘𝑚

(2.13)

X, Y and Z matrices are as follows.
𝑥𝑖1 − 𝑥𝑘1
𝑥𝑖2 − 𝑥𝑘1
.
𝑋=
.
[𝑥𝑖𝑛 − 𝑥𝑘1

𝑥𝑖1 − 𝑥𝑘2
𝑥𝑖2 − 𝑥𝑘2
.
.
𝑥𝑖𝑛 − 𝑥𝑘2

.
.
.
.
.

. 𝑥𝑖1 − 𝑥𝑘𝑚
. 𝑥𝑖2 − 𝑥𝑘𝑚
.
.
.
.
. 𝑥𝑖𝑛 − 𝑥𝑘𝑚 ]

𝑦𝑖1 − 𝑦𝑘1
𝑦𝑖2 − 𝑦𝑘1
.
𝑌=
.
[𝑦𝑖𝑛 − 𝑦𝑘1

𝑦𝑖1 − 𝑦𝑘2
𝑦𝑖2 − 𝑦𝑘2
.
.
𝑦𝑖𝑛 − 𝑦𝑘2

. . 𝑦𝑖1 − 𝑦𝑘𝑚
. . 𝑦𝑖2 − 𝑦𝑘𝑚
.
. .
.
. .
. . 𝑦𝑖𝑛 − 𝑦𝑘𝑚 ]

𝑧𝑖1 − 𝑧𝑘1
𝑧𝑖2 − 𝑧𝑘1
.
𝑍=
.
[𝑧𝑖𝑛 − 𝑧𝑘1

𝑧𝑖1 − 𝑧𝑘2
𝑧𝑖2 − 𝑧𝑘2
.
.
𝑧𝑖𝑛 − 𝑧𝑘2

.
.
.
.
.

(2.14)

. 𝑧𝑖1 − 𝑧𝑘𝑚
. 𝑧𝑖2 − 𝑧𝑘𝑚
.
.
.
.
. 𝑧𝑖𝑛 − 𝑧𝑘𝑚 ]

Finally, distance matrix between two point clouds are found as in Eq. (2.15).
𝐷 = √𝑋 2 + 𝑌 2 + 𝑍 2
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(2.15)

The condition to check collision between point clouds is given in Eq. (2.16) where δ
is the safe distance defined in the definition of the collision. The value of δ may not
be less than maximum mesh distance.
𝐶𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛 = {

1, 𝑖𝑓 min(𝐷) ≤ 𝛿
0, 𝑖𝑓 min(𝐷) > 𝛿

(2.16)

As mentioned before, the 3-D point clouds are created from 3-D shapes. It is assumed
that the length of any mesh in 3-D shape is approximately equal and named as dm.
The worst case of placing two point clouds and x-y and x-z views of the worst-case
are given in Figure 2.4 which will help to find the minimum required safe distance,
δ.

Figure 2.4. Positioning of two PCs in worst case
According to these figures, the safe distance should satisfy the criterion in Eq. (2.17)
which is necessary and sufficient.
𝛿≥𝑑=

√3
𝑑𝑚
2
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(2.17)

The overall algorithm for obtaining the high-dimensional configuration space can be
summarized as in Algorithm-2.1. There is given the information about a 3-D
environment such as moving point clouds (MPC), fixed-point clouds (FPC), safe
distance (δ), the number of variables (n), initial values of n variables (𝜃𝑖𝑛 ), final
values of n variables (𝜃𝑒𝑛𝑑 ) and step angles of n variables (𝛿𝜃). There is n number
of nested loops in the algorithm where each of them belongs to a variable, in order
to be an example, during this study the number of variables (n) is kept as 4. As a
result of the algorithm, n-dimensional configuration space which is named ConfMap
is obtained. Lines between 1-4 and 13-16 vary according to number of variables. The
location of moving point clouds (MPC) is updated according to instantaneous
variable values in Line 5. In Line 6-7, it is checked whether there is collision between
MPC and FPC, and in Line 8-9 between MPC and MPC by avoiding matching of
same point clouds according to the safe distance (δ).
Algorithm-2.1: ObtainConfSpace
In: 𝑀𝑃𝐶, 𝐹𝑃𝐶, 𝜃𝑖𝑛 , 𝛿𝜃, 𝜃𝑒𝑛𝑑 , 𝛿
Out: 𝐶𝑆𝑝𝑎𝑐𝑒
1
2
3
4

for θ1 = θ1in ∶ δθ1 : θ1end (𝑠1 + +)
for θ2 = θ2in ∶ δθ2 : θ2end (𝑠2 + +)
for θ3 = θ3in ∶ δθ3 : θ3end (𝑠3 + +)
for θ4 = θ4in ∶ δθ4 : θ4end (𝑠4 + +)

5

𝑢𝑝𝑑𝑎𝑡𝑒 𝑴𝑷𝑪 𝑢𝑠𝑖𝑛𝑔 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 θ1 , θ2 , θ3 𝑎𝑛𝑑 θ4

6

if 𝑪𝒉𝒆𝒄𝒌𝑪𝒐𝒍𝒍𝒊𝒔𝒊𝒐𝒏 (𝑀𝑃𝐶, 𝐹𝑃𝐶, 𝛿) = 1 (𝑡𝑟𝑢𝑒)
𝐶𝑆𝑝𝑎𝑐𝑒 (𝑠1 , 𝑠2 , 𝑠3 , 𝑠4 ) = 1

7
8

elseif 𝑪𝒉𝒆𝒄𝒌𝑪𝒐𝒍𝒍𝒊𝒔𝒊𝒐𝒏 (𝑀𝑃𝐶, 𝑀𝑃𝐶, 𝛿) = 1 (𝑡𝑟𝑢𝑒)
(𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔 𝑠𝑎𝑚𝑒 𝑝. 𝑐𝑙𝑜𝑢𝑑𝑠 𝑖𝑠 𝑎𝑣𝑜𝑖𝑑𝑒𝑑)
𝐶𝑆𝑝𝑎𝑐𝑒 (𝑠1 , 𝑠2 , 𝑠3 , 𝑠4 ) = 1

9
10
11
12

else
𝐶𝑆𝑝𝑎𝑐𝑒 (𝑠1 , 𝑠2 , 𝑠3 , 𝑠4 ) = 0
end if
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13
14
15

end for
end for
end for

16 end for
17 return 𝐶𝑆𝑝𝑎𝑐𝑒
Also, the Algorithm-2.1 calls Algorithm-2.2 named CheckCollision which is used to
detect any collision between point cloud sets to fill configuration space map for
corresponding variables. The Algorithm-2.2 expects the MPC, FPC and δ as inputs
and also needs three different functions which are named CheckLap, RemovePoints
and FindDistance. In Line 3, it is checked whether there is an intersection between
bounding volumes (BV) of two point clouds.
Algorithm 2.2: CheckCollision
In: 𝑀𝑃𝐶, 𝐹𝑃𝐶, 𝛿
Out: 𝐶𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛
1
2

for I ← number of P. clouds in MPC (I + +)
for k ← number of P. clouds in FPC (k + +)

3

[𝐿𝑎𝑝, 𝐼𝐵] = 𝑪𝒉𝒆𝒄𝒌𝑳𝒂𝒑 (𝑀𝑃𝐶𝑖 , 𝐹𝑃𝐶𝑘 )

4

if 𝐿𝑎𝑝 = 1 (𝑡𝑟𝑢𝑒) → 𝑃. 𝑐𝑙𝑜𝑢𝑑𝑠 𝑜𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑒𝑑

5

𝑀𝑃𝐶𝑖′ = 𝑹𝒆𝒎𝒐𝒗𝒆𝑷𝒐𝒊𝒏𝒕𝒔 (𝑀𝑃𝐶𝑖 , 𝐼𝐵)

6

𝐹𝑃𝐶𝑘′ = 𝑹𝒆𝒎𝒐𝒗𝒆𝑷𝒐𝒊𝒏𝒕𝒔 (𝐹𝑃𝐶𝑘 , 𝐼𝐵)

7

𝑑 = 𝑭𝒊𝒏𝒅𝑫𝒊𝒔𝒕𝒂𝒏𝒄𝒆 (𝑀𝑃𝐶𝑖′ , 𝐹𝑃𝐶𝑘′ )

8

if min(𝑑) ≤ 𝛿

9

𝐶𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛(𝑖, 𝑘) = 1

10

return max(𝐶𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛)

11

else
𝐶𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛(𝑖, 𝑘) = 0

12
13
14
15

end if
else
𝐶𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛(𝑖, 𝑘) = 0
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16
17

end if
end for

18 end for
19 return max(𝐶𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛)

If there is no intersection, then it can be said that there is no collision between the
two point clouds. In the case of an intersection, the point clouds are updated by
getting rid of the points outside the intersection box and a distance matrix is obtained
between them to see if the minimum distance is smaller than the safe distance (δ).
To effectively check collision between point clouds, it is advisable to approximate
objects with bounding volumes (BV) [48, 49]. Various bounding volume types
which are widely used in the literature are presented in Figure 2.5.

Figure 2.5. The types of bounding volumes

The selection of a bounding volume type depends on the usage. To easily select
correct bounding volume, the type of objects should be known beforehand. If no
information is available for the object size or shape, the more general shape is always
better. However, the more general bounding volume adds extra complexity and
hence heavier computationally [48-53]. To overcome this difficulty and uncertainty,
the sphere or axis-aligned bounding boxes (AABB) are in options. In this study,
AABB is used for that reason. The following function checks whether the AABBs
of two point clouds (PC1 and PC2) are intersected. If there exists an intersection
between AABBs, the function gives information about the intersection box (IB),
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otherwise the overall algorithm returns to no-collision-detected state. Two point
clouds and their AABBs are given in Figure 2.6. As seen in this figure, there is an
intersection between these two AABBs. Also, the intersection box (IB) is given in
Figure 2.7.

Figure 2.6. Two point clouds and their AABBs in 3-D Space

Figure 2.7. AABBs of two point clouds and their intersection box (IB)
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The following Function-2.1 named CheckLap allows to see if the AABBs of the two
point cloud intersect, and also to obtain intersection box (IB) information in case of
intersection.
Function-2.1: CheckLap
In: 𝑃𝐶1 , 𝑃𝐶2
Out: [𝐿𝑎𝑝, 𝐼𝐵]
1
2
3
4
5

for 𝑖 = [1, 2, 3](x: 1, y: 2, z: 3)
if min{𝑃𝐶1 (𝑖 𝑡ℎ 𝑐𝑜𝑙𝑢𝑚𝑛)} ≥ min{𝑃𝐶2 (𝑖 𝑡ℎ 𝑐𝑜𝑙𝑢𝑚𝑛)}
𝑚𝑖𝑛𝑖 = min{𝑃𝐶1 (𝑖 𝑡ℎ 𝑐𝑜𝑙𝑢𝑚𝑛)}
else
𝑚𝑖𝑛𝑖 = min{𝑃𝐶2 (𝑖 𝑡ℎ 𝑐𝑜𝑙𝑢𝑚𝑛)}

6

end if

7

if max{𝑃𝐶1 (𝑖 𝑡ℎ 𝑐𝑜𝑙𝑢𝑚𝑛)} ≤ max{𝑃𝐶2 (𝑖 𝑡ℎ 𝑐𝑜𝑙𝑢𝑚𝑛)}

8
9
10

𝑚𝑎𝑥 𝑖 = max{𝑃𝐶1 (𝑖 𝑡ℎ 𝑐𝑜𝑙𝑢𝑚𝑛)}
else
𝑚𝑎𝑥 𝑖 = max{𝑃𝐶2 (𝑖 𝑡ℎ 𝑐𝑜𝑙𝑢𝑚𝑛)}

11

end if

12

𝐼𝐵(𝑖, 1) = 𝑚𝑖𝑛𝑖 ,

13

if 𝑚𝑖𝑛𝑖 ≤ 𝑚𝑎𝑥 𝑖

14
15
16
17

𝐼𝐵(𝑖, 2) = 𝑚𝑎𝑥 𝑖

𝐿𝑎𝑝𝑖 = 1
else
𝐿𝑎𝑝𝑖 = 0
end if

18 end for
19 𝐿𝑎𝑝 = 𝐿𝑎𝑝1 ∙ 𝐿𝑎𝑝2 ∙ 𝐿𝑎𝑝3
20 return [𝐿𝑎𝑝, 𝐼𝐵]
After determining the intersection box (IB) and providing point clouds and
information about IB to the Function-2.2 named RemovePoints, now it is time to get
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rid of excess points that do not belong to IB. By using this function, the point clouds
are modified and the points outside the IB are removed as seen in Figure 2.8.

Figure 2.8. Modified point clouds after removing points outside intersection box
(IB)

Function 2.2: RemovePoints
In: 𝑃𝐶, 𝐼𝐵
Out: 𝑃𝐶 ′
1

if {𝑥 𝑜𝑓 ∀ 𝑝𝑜𝑖𝑛𝑡𝑠 ∈ 𝑃𝐶 > 𝐼𝐵(1,2) 𝑶𝑹 < 𝐼𝐵(1,1)}
𝑶𝑹 {𝑦 𝑜𝑓 ∀ 𝑝𝑜𝑖𝑛𝑡𝑠 ∈ 𝑃𝐶 > 𝐼𝐵(2,2) 𝑶𝑹 < 𝐼𝐵(2,1)}
𝑶𝑹 {𝑧 𝑜𝑓 ∀ 𝑝𝑜𝑖𝑛𝑡𝑠 ∈ 𝑃𝐶 > 𝐼𝐵(3,2) 𝑶𝑹 < 𝐼𝐵(3,1)}

2

→ 𝑟𝑒𝑚𝑜𝑣𝑒 ∀ 𝑝𝑜𝑖𝑛𝑡𝑠 𝑜𝑓 𝑃𝐶 ∉ 𝐼𝐵

3

𝑃𝐶 ′ = ∀ 𝑝𝑜𝑖𝑛𝑡𝑠 𝑜𝑓 𝑃𝐶 ∈ 𝐼𝐵

4
5

else
𝑃𝐶 ′ = 𝑃𝐶

6

end if

7

return 𝑃𝐶 ′
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Firstly, the number of points is decreased by deleting the points outside the
intersection box (IB) and then the modified MPC and FPC are created which only
belong to the IB. Now, in order to decide whether there is a collision between point
clouds, the distances between any combination of the points in MPC and FPC are
measured. The following Function-2.3 named FindDistance measures g*h distances
and gives g×h sized matrix where the PCs have g and h number of points,
respectively.
Function -2.3: FindDistance
In: 𝑃𝐶1 , 𝑃𝐶2
Out: 𝑑
1

𝑥1 = 𝑃𝐶1 (1𝑡ℎ 𝑐𝑜𝑙𝑢𝑚𝑛) → (𝑚 × 1)

2

𝑦1 = 𝑃𝐶1 (2𝑛𝑑 𝑐𝑜𝑙𝑢𝑚𝑛) → (𝑚 × 1)

3

𝑧1 = 𝑃𝐶1 (3𝑟𝑑 𝑐𝑜𝑙𝑢𝑚𝑛) → (𝑚 × 1)

4

𝑥2 = 𝑃𝐶2 (1𝑡ℎ 𝑐𝑜𝑙𝑢𝑚𝑛) → (𝑛 × 1)

5

𝑦2 = 𝑃𝐶2 (2𝑛𝑑 𝑐𝑜𝑙𝑢𝑚𝑛) → (𝑛 × 1)

6

𝑧2 = 𝑃𝐶2 (3𝑟𝑑 𝑐𝑜𝑙𝑢𝑚𝑛) → (𝑛 × 1)

7

𝑋 = 𝑥1 − 𝑥2𝑇 → (𝑚 × 𝑛)

8

𝑌 = 𝑦1 − 𝑦2𝑇 → (𝑚 × 𝑛)

9

𝑍 = 𝑧1 − 𝑧2𝑇 → (𝑚 × 𝑛)

10 𝑑 = √𝑋 2 + 𝑌 2 + 𝑍 2 → (𝑚 × 𝑛)
11 return 𝑑

After obtaining the distance matrix, now it is easy to decide if there is a collision at
that moment. If we sort and draw the elements of the distance matrix, the distances
between points can be obtained as in Figure 2.9. If there is any distance lower than
safe distance (δ), then we can decide that there is a collision for corresponding
variables.
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Figure 2.9. Sorting and drawing distance matrix to check collision
2.1.2

Second Method: Obtain by a Simulation Software

In the first method, obtaining the configuration space by detection of intersection of
point clouds is explained in detail. In this method, the only collision detection
algorithm is changed with the clearance function of the simulation software.
Clearance function measures the minimum distance between the surfaces of bodies
and only focuses the surfaces of bodies so that the bodies are assumed to be hollow.
During any contact between the bodies, the clearance returns to zero which shows
that there is a collision. We can summarize the steps of this method as shown in
Figure 2.10.

Figure 2.10. The sequence of the second method
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1. Create position profiles for variables by converting the nested for-loops to timedomain. As an example, the position profiles for four variables in time-domain are
illustrated as in Figure 2.11.

Figure 2.11. Converting nested for-loops into time-domain position profiles for
variables
On the right side of the Figure 2.11, the position profiles are directly mapped from 4
nested for-loops with sharp edges. The hard transition from the maximum to
minimum value causes some problems during solving kinematic equations in
simulation software. Therefore, by doing a smoothing operation the position profiles
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are updated as shown in the left of the Figure 2.11 and so that the possible errors in
simulation are prevented.
2. Create the exact simulation model of the system in MSC Adams®. For instance,
the simulation model of the 4-DOF double-turret system is given in Figure 2.12.

Figure 2.12. The Simulation model of a sample system
All joints, motions and clearances between stationary (obst-1 to 5) and moving
bodies (hull and gun barrel) have to be defined. The position profiles in time-domain
which are explained in the first step have to be imported and assigned to motions on
the joints (θ1, θ2). According to steps and step time of position profiles, simulation is
conducted.
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Figure 2.13. The change of minimum clearances as a result of sample run

3. After completing the analysis, the change of clearances again in time-domain are
obtained as in Table 2.1 and sent to other simulation software (MATLAB®) in order
to obtain configuration space by processing with position profiles inputs.
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Table 2.1 Results of Simulation
𝐭 [𝐬]
0
ts
2ts
….
𝑡𝑒𝑛𝑑

2.2

𝛉𝟏 [ °]
0
0
0
….
358

𝛉𝟐 [ °]
-10
-10
-10
….
0

𝛉𝟑 [ °]
0
0
0
….
358

𝛉𝟒 [ °]
0
20
40
….
0

𝐂𝐨𝐥𝐥𝐢𝐬𝐢𝐨𝐧(𝛅)
0
0
0
….
0

Case Study

To compare 2 methods of obtaining configuration space, a double-turret system is
considered as an example. The simulation and point cloud models of the doubleturret system are given in Figure 2.14 and Figure 2.3, respectively.

Figure 2.14. The Simulation model of double-turret system with stationary
obstacles
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The turret has two DOFs, one for traverse and the other for elevation. In this example,
we have 4 DOFs because of two turrets in the same environment. Also, there are 5
stationary obstacles around these two turrets. Finally, the configuration space up to
4 dimensions can be obtained. Point numbers in the point clouds of all the elements
used in the double-turret system are as in Table 2.2. Within scope of this study, the
capital or lowercase letters g, o and h represent guns, obstacles and hulls respectively.
Also, the ground was not included in the calculations because it is known that no
part interacts with the ground at maximum and minimum operating limits for faster
results.
Table 2.2 Number of points
Parts

Number of Points (for each)

O1, O2, O3, O5

4065

O4

18831

H1 and H2

5614

G1 and G2

3624

The 4-D configuration space of the example is obtained. In this 4-D C-Space, the
elevation axes (𝜃 2 , 𝜃 4 ) start from - 10°, end at 60° with a step size of 2°. The traverse
axes (𝜃1 , 𝜃 3 ) start from 0°, end at 358° with a step size of 2°. In the method of path
planning on the C-Space, the grid number of C-Space has great effect on the
algorithm itself. If the grid is too great, the precision of planning will decrease. If the
grid is small, the calculation payload will increase. A reasonable grid decomposition
should be based on some optimum criterion [54]. The 4-D C-Space can be
represented by a certain number of 3-D configuration spaces. For this example, it
can be obtained with 36 different 3-D C-Spaces for each value of elevation axis of
turret-2 (𝜃 4 ) in the example of double-turret system. The 3-D representations of this
4-D C-Space are given for eight different 𝜃 4 angles in Figure 2.15 and Figure 2.16.
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As can be seen from the figures, as the angle of 𝜃 4 increases, the volume of the
disabled area in the C-Space decreases.

Figure 2.15. 3-D C-Space of double-turret system (for θ4 equals -10°, 0°, 10° and
20°)
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Figure 2.16. 3-D C-Space of double-turret system (for θ4 equals 30°, 40°, 50° and
60°)

The obtained 3-D configuration spaces of two methods (by point cloud, by MSC
Adams® software) are almost the same. The difference between them is about 1%
which comes from the method difference. In the first method, the clearances between
bodies are measured from point to point. However, in the second method, they are
measured from the surface to surface. In this example, the distance between points
in the point clouds is about 5 mm which creates a 1% difference than the mentioned
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and also the safe distance is 5 mm. The difference between these two methods
depends on the distance between points. Difference between methods decreases
when the distance between points decreases. Also, the first method is only created to
obtain configuration space, however in the second one, we only use the power of
clearance function of the MSC Adams® simulation software in order to create an
alternative for obtaining configuration space.
The computation times for obtaining one of the 3-D configuration space shown in
Figure 2.15 and Figure 2.16 with first and second method are 298.5 and 2414.5
minutes, respectively. One of the 3-D C-Space has 180×180×36 = 1,166,400
configurations. Since 4-D C-Space consists of thirty-six 3-D C-Spaces, it contains
approximately 42 million different configurations. It took approximately 179 hours
to calculate 4-D C-Space using the first method. Since this simulation of 42 million
will take about a month with the second method, the performance comparison of the
two methods was carried out during obtaining 3-D C-Spaces. For that reason, it can
be said that the first method is 8.1 times more efficient. Since C-Spaces do not change
frequently in off-line systems, calculation times are quite reasonable.

2.3

Verification of the Results

After obtaining the configuration space, the rest is related to path planning
algorithms which can be A* [55, 56], many variants of rapidly exploring random tree
(RRT) [57], probabilistic roadmap (PRM) [58] and so forth. In order to verify
obtained 4-D C-Space, 4-D path planning problem was realized as 2-D + 2-D by
choosing two axis sets from four existing axes. In this case, whichever two axes will
be driven first, motion planning is made by taking the 2-D section of the 4-D CSpace corresponding to the starting positions of the other two axes. In order to drive
the second axes pair, motion planning is made by taking the 2-D section of the 4-D
C-Space corresponding to the target position of the first two axes. For this example,
first 1st and 2nd, then 3rd and 4th axes are driven simultaneously.
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In order to plan a sample path, the starting and target positions are selected as in Eqs.
(2.18) and (2.19), respectively.
𝜃𝑠 = [ 𝜃𝑠1 , 𝜃𝑠2 , 𝜃𝑠3 , 𝜃𝑠4 ] = [40°, −10°, 160°, 16°]

(2.18)

𝜃𝑡 = [ 𝜃𝑡1 , 𝜃𝑡2 , 𝜃𝑡3 , 𝜃𝑡4 ] = [264°, 0°, 10°, −10°]

(2.19)

The configuration space of first driven axes pair and second driven axes pair are
given in Figure 2.17 and Figure 2.18. The configuration space is shown in a circular
instead of rectangular since the second and fourth axes can be rotated full. Each of
the circular C-Spaces has 180×36 grids (axes are divided into 2° steps). A sample
path is planned with the help of A* path planning algorithm using two circular CSpaces as shown in following figures.

Figure 2.17. 2-D C-Space of double-turret system for first driven axis pair and path
planning result
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Figure 2.18. 2-D C-Space of double-turret system for second driven axis pair and
path planning result

The shortest path is calculated so that the turrets can rotate to the goal position. The
turrets will reach the goal position without any collision if the system performs
simultaneous traverse and elevation rotations as shown in Figure 2.17 and Figure
2.18. The traverse and elevation motion profiles should be created according to
angular speed, acceleration or time requirements. If the angular velocities of the axes
are set to 2 °/s, the time required to pass one grid is 1 second. In this case, the system
can reach the target position from the specified start position in 156 seconds. Thus,
the traverse and elevation motion profiles are created as shown in Figure 2.19. In
order to drive double-turret system, the absolute changes of positions are converted
into incremental position changes by resetting starting positions as zero.
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Figure 2.19. The change of position profiles concerning path planning result space

Once the motion profiles are obtained, the rotations of the turret system were
simulated on simulation model. As a result of this simulation, the changes of
minimum clearances between bodies are obtained as shown in Figure 2.20.
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Figure 2.20. The change of minimum clearances between bodies

Accordingly, as the turrets are rotated to their goal positions, the minimum clearance
is between g1-o3 which is 5.4 mm and no collision occurs as expected.
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2.4

Conclusion

In this chapter, a method has been developed with two different methods to obtain a
high-dimensional configuration space. One of the methods is obtaining by using
point clouds and the second one is using only simulation software. In first method,
the bodies in the system are meshed and converted into points and then the
configuration space is obtained by using the method of intersection of point clouds.
In the second method, this work is carried out using clearance function which
measured minimum distance between the surfaces of defined bodies. A double-turret
system is held in the scope of this study. 4-D configuration space of double-turret
system is obtained by these two methods. As a result of this, the difference between
these two methods is about 1% which depends on the point cloud density. As the
point cloud density increases, the difference between the two methods decreases
gradually. The first method is 8.1 times more efficient than the second method which
is an advantage of the first method. The need to create a point cloud for each part is
seen as a disadvantage of the first method. However, for the second method, 3-D cad
models of parts and appropriate input profiles are sufficient to carry out the analysis.
At the end of the study, a sample path planning with A* algorithm was made by
using the previously obtained 4-D configuration space. Then, the accuracy of the
configuration space was proved via using the obtained paths on the simulation model
of the double-turret system. To fully verify the results of two different methods on
the 3 or more dimensions, different path planning algorithms such as RRT and RRT*
can be used or different approach like potential field methods can be proposed.
Therefore, the focus should be on full verification of the methods for future work by
conducting path planning studies on more cases.
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CHAPTER 3

3

MOTION PLANNING OF MULTIPLE-TURRET SYSTEM

The robotic systems have become indispensable for the military as well. They use
these systems to increase military capability and security of forces and allow
personnel to concentrate on specific tasks which can only be fulfilled by manpower.
With the development of robotic systems, most military systems have now become
remotely controllable, and this has significantly reduced the need for military
personnel [7].
In literature, there are many researches about the collision-free motion in multi-robot
systems. However, few papers are concerning collision-free motion planning of
dual-arm robots which is a similar topic with double-turret system. Obviously, there
are some similarities between them on the aspect of collision-free motion planning.
In Freund and Hoyer’s algorithm [19], the collision-free motion planning for two
robots of R–P type is studied by considering a fictitious robot whose effector
permanently collided with that of the master robot. By introducing a safety factor for
minimum robot clearance, a trajectory can be achieved without collision. In another
research, a 2-D horizontally articulated dual-arm SCARA robot as shown in Figure
3.1 is studied [20]. The configuration space (C-Space) of the related robot (4-R) is
obtained based on the reachable manifold and contact manifold theory which is really
inadequate to handle complex geometric shapes; therefore, robot arms are illustrated
with simple shapes such as rectangles. Also, all revolute joints operate only in a given
range, none of them are rotated fully (0-2π) which limits the double-turret system to
operate at full capacity.
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Figure 3.1. A dual-arm SCARA robot [20]

Being able to place more turrets on the platform depends on their ability to be driven
autonomously. Thus, military operational competence can be increased. A multiple
cradle launcher in Figure 3.2 can be an example for this study. The four dependent
turrets have 8-DOF in total with some constraints [8]. It is impossible to rotate turrets
independently because of the space restrictions. These types of launchers are
primarily designed for use on naval platforms, armored military vehicles, 4x4
armored vehicles, and armored patrol vehicles as well as for stationary use in order
to serve for the defense of strategic assets according to tactical requirements [59].

Figure 3.2. Jobaria multiple cradle launcher [8]
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If the former studies are summarized, it is seen that C-Spaces with more than 2
dimensions are not studied, complex geometries are avoided and the full rotation
capacity of the R joint is ignored during path planning. In this research, the motion
planning of the double-turret system operating in a common workspace is focused
on. Unlike other studies, the four-dimensional C-Space of the double-turret system
(4-R) is obtained by using intersection of point clouds and also the system operates
in the 3-D workspace and two of the four axes can turn fully (0-2π) which creates
some difficulties for path planning because of torus and circular shaped C-Spaces.
Normally the turrets in the mentioned systems are brought to the desired position by
manually and visually controlled which increases the operation time and the risk of
collision. These problems can be easily overcome with the proposed method, so that
the system can perform its task faster and without the risk of collision. In addition,
the movement capability of the system due to its full rotational axes will be
preserved.
Within the scope of the study, detailed information will be given about obtaining
high-dimensional C-Space with the method of detection of intersection of point
clouds. Moreover, with the help of six sequences created by selecting two-axis from
four axes, the solution of 4-dimensional path planning problem with 2-D sections of
4-D C-Space as 2-D + 2-D will be explained. The results obtained are verified on the
simulation model.

3.1

Motion Planning on 4-D Configuration Space

Motion planning of the systems with four degrees of freedom (DOF) or two systems
with 2-DOF should be made which are working together in the same environment
without any collisions. As known, the difficulty of motion planning increases
exponentially as the number of DOF increases [60]. With the proposed method in
this study, it is aimed to reduce the motion planning difficulty of the system with 4DOF, from 𝑂 (𝑛4 ) to 𝑂 (𝑛2 + 𝑛2 ). The 𝑂 (𝑛4 ) problem can be solved as
𝑂 (𝑛2 + 𝑛2 ) as well as 𝑂 (𝑛3 + 𝑛). However, the main reason why we prefer
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𝑂 (𝑛2 + 𝑛2 ) instead of 𝑂 (𝑛3 + 𝑛) is to reduce the configuration space size to be
used, and therefore the number of configurations to be used, to make path planning
algorithms do less search. Because while the number of 𝑛2 + 𝑛2 configurations is
handled in 𝑂 (𝑛2 + 𝑛2 ), this number is 𝑛3 + 𝑛 in 𝑂 (𝑛3 + 𝑛). In addition, since the
system we are working on is 2-D + 2-D, using a 4-dimensional space as 2-D + 2-D
is more efficient as a computational cost in this case. Unlike other studies, since highdimensional C-Spaces are obtained with point clouds, there are no restrictions on the
shape of the system parts; therefore, any 3-D complex shaped parts can be used on
the system easily. This shows us that this proposed algorithm can be applied to all
kinds of systems, not only horizontally articulated systems which are generally used
in former studies [19, 20]. Also, all the 4-joints mentioned can have full rotation
capacity. Since the joints can take a full turn, the mobility of the system is preserved
with the help of the proposed algorithm.
First of all, the 4-D C-Space of the system with the described point cloud method
is obtained. Then we move on to motion planning, where the starting and target
points are clear. Here, the 2-D sections of 4-D C-Space according to the
starting/target points are taken and the motion planning is carried out on them.
Information about axes of the double-turret system, maximum-minimum operating
ranges and full turn capabilities are given in Table 3.1. As can be seen, there exist
four axes in total and the 1st and 3rd axes can rotate fully.
Table 3.1 The axes of double-turret system
Axis
Number

Axis
Symbol

Definition

Min.

Max.

Full Rot.

1

𝜃1

Tra. Axis of 1. Turret

00

3600

Yes (1)

2

𝜃2

Ele. Axis of 1. Turret

-100

600

No (0)

3

𝜃3

Tra. Axis of 2. Turret

00

3600

Yes (1)

4

𝜃4

Ele. Axis of 2. Turret

-100

600

No (0)
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3.1.1

Sequence

It is aimed to make motion planning by choosing two axis sets from four existing
axes. Therefore, there are six options in total which is result of combination of
C(4,2). It can be examined these six options under the title of the sequence as given
in Table 3.2. Information about the first and the second driven axes is clear there.
For example, when 1st sequence is used, first 1st and 2nd, then 3rd and 4th axes are
driven simultaneously. Looking at the first driving axes pair of the 1st sequence, it
can be seen that the C-Space is cylindrical / circular shaped due to the full rotational
capability of the 1st axis, which shows that the motion planning can be done by
driving clockwise or counterclockwise. The same is true for the second driven axes
pair of the 1st sequence.
Table 3.2 The six sequences
# of
Seq.

Order
of Axes

1
2
3
4
5
6

1-2-3-4
3-4-1-2
1-3-2-4
2-4-1-3
1-4-2-3
2-3-1-4

There

are

three

First Driven Axes Pair
Axes Type of C- Full
Pair
Space
Rot.
1-2
Circular
1-0
3-4
Circular
1-0
1-3
Torus
1-1
2-4
Rectangular 0-0
1-4
Circular
1-0
2-3
Circular
0-1

different

types

of

Second Driven Axes Pair
Axes Type of CFull
Pair
Space
Rot
3-4
Circular
1-0
1-2
Circular
1-0
2-4 Rectangular
0-0
1-3
Torus
1-1
2-3
Circular
0-1
1-4
Circular
1-0

C-Spaces

which

are

rectangular,

cylindrical/circular and torus shaped in all given sequences. Motion planning should
be done by considering all of them.

3.1.2

RCT Path Planning Approach

In the scope of study, rectangular, circular and torus shaped C-Spaces (RCT) are
focused on. With the mentioned method within the scope of the study, double-turret
system or two dual-arm robots will be able to work in the common environment
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without colliding each other. First, 4-D C-Space is obtained and then fast /medium/
optimum path planning can be made using the sequences that mentioned in Section
3.1.2. After obtaining the C-Space, the rest is related to path planning algorithms
which can be A* [55, 61], many variants of rapidly exploring random tree (RRT)
[62], probabilistic roadmap (PRM) [58], particle swarm optimization (PSO) [63] and
so forth. In this study, A* path planning algorithm will be used. The resulting CSpace in Eq. (3.1) is 4-D and consists of 𝑠1 × 𝑠2 × 𝑠3 × 𝑠4 grids which are 1 or
0 according to disabled/free regions. The term of 𝑠𝑥 indicate the number of grids on
the axis of x.
𝐶𝑆𝑝𝑎𝑐𝑒4𝐷: (𝑠1 × 𝑠2 × 𝑠3 × 𝑠4 )

(3.1)

The initial values and step sizes of axes in the C-Space are defined as in Eqs. (3.2)
and (3.3). Superscripts 1-4 refer to axis numbers and subscripts represent definitions.
3
1
2
4
]
𝜃𝑖𝑛 = [ 𝜃𝑖𝑛
, 𝜃𝑖𝑛
, 𝜃𝑖𝑛
, 𝜃𝑖𝑛

(3.2)

𝛿𝜃 = [ 𝛿𝜃1 , 𝛿𝜃 2 , 𝛿𝜃 3 , 𝛿𝜃 4 ]

(3.3)

Within the scope of path planning, the starting and target positions of axes can be
expressed as in Eq. (3.4) and (3.5) in degrees.
𝑆𝑡𝑎𝑟𝑡 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 = 𝜃𝑠 = [ 𝜃𝑠1 , 𝜃𝑠2 , 𝜃𝑠3 , 𝜃𝑠4 ]

(3.4)

𝑇𝑎𝑟𝑔𝑒𝑡 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 = 𝜃𝑡 = [ 𝜃𝑡1 , 𝜃𝑡2 , 𝜃𝑡3 , 𝜃𝑡4 ]

(3.5)

The positions defined above are transformed into start and target grids by rounding
as in Eq. (3.6) and (3.7).
𝜃𝑠𝑔

1
2
3
4
𝜃𝑠1 − 𝜃𝑖𝑛
𝜃𝑠2 − 𝜃𝑖𝑛
𝜃𝑠3 − 𝜃𝑖𝑛
𝜃𝑠4 − 𝜃𝑖𝑛
1
2
3
4
= 𝑟𝑛𝑑 [
,
,
,
] = [𝜃𝑠𝑔
, 𝜃𝑠𝑔
, 𝜃𝑠𝑔
, 𝜃𝑠𝑔
]
𝛿𝜃 1
𝛿𝜃 2
𝛿𝜃 3
𝛿𝜃 4
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(3.6)

1
2
3
4
𝜃𝑡1 − 𝜃𝑖𝑛
𝜃𝑡2 − 𝜃𝑖𝑛
𝜃𝑡3 − 𝜃𝑖𝑛
𝜃𝑡4 − 𝜃𝑖𝑛
3
1
2
4
𝜃𝑡𝑔 = 𝑟𝑛𝑑 [
,
,
,
] = [𝜃𝑡𝑔
, 𝜃𝑡𝑔
, 𝜃𝑡𝑔
, 𝜃𝑡𝑔
]
𝛿𝜃 1
𝛿𝜃 2
𝛿𝜃 3
𝛿𝜃 4

(3.7)

As an example, if the 1st sequence is examined, since the first driven axes pair in the
1st sequence is 1-2, two-dimensional C-Space in the size of 𝑠1 × 𝑠2 is obtained from
3
4
the 4-D “CSpace4D” by taking the starting grids of 3rd and 4th axes [𝜃𝑠𝑔
, 𝜃𝑠𝑔
] as the
1
2
3rd and 4th axis values. In this 2-D C-Space, the starting grid is selected as [𝜃𝑠𝑔
, 𝜃𝑠𝑔
],
1
2
the target grid as [𝜃𝑡𝑔
, 𝜃𝑡𝑔
] and path planning is carried out. The path obtained is

named as 𝑃𝑎𝑡ℎ1 and this path may cover the change of the position of the 1st axis
with respect to the position of 2nd axis. Then, the other 2-D C-Space is derived from
“𝐶𝑆𝑝𝑎𝑐𝑒4𝐷” for the second driven axes pair which is 3rd and 4th. This 2-D C-Space
is in the size of 𝑠3 × 𝑠4 and obtained by taking the target grids of 1st and 2nd axes
1
2
[𝜃𝑡𝑔
, 𝜃𝑡𝑔
] as the 1st and 2nd axis values. In this 2-D C-Space, the starting grid is
3
3
4
4
selected as [𝜃𝑠𝑔
, 𝜃𝑠𝑔
], the target grid as [𝜃𝑡𝑔
, 𝜃𝑡𝑔
] and path planning is carried out.

The path obtained is named as 𝑃𝑎𝑡ℎ2 and this path may cover the change of the
position of the 3rd axis with respect to the position of 4th axis. Using both the
𝑃𝑎𝑡ℎ1 (2 × 𝑛) and 𝑃𝑎𝑡ℎ2 (2 × 𝑚) arrays obtained after the two successful path
planning, the position changes of the axes can be obtained by adding the arrays based
on the grid as below. In this case, the dimensions of the position change arrays will
be (n+m). The unit array is represented as I (1×n) which is in size of n.
𝜃𝑔1 = [ 𝑃𝑎𝑡ℎ1 (1𝑠𝑡 𝑟𝑜𝑤)

1
𝜃𝑡𝑔
𝑥 𝐼(1 × 𝑚)]

(3.8)

𝜃𝑔2 = [ 𝑃𝑎𝑡ℎ1 (2𝑛𝑑 𝑟𝑜𝑤)

2
𝜃𝑡𝑔
𝑥 𝐼(1 × 𝑚)]

(3.9)

3
𝑥 𝐼 (1 × 𝑛) 𝑃𝑎𝑡ℎ2 (1𝑠𝑡 𝑟𝑜𝑤 ) ]
𝜃𝑔3 = [ 𝜃𝑠𝑔

(3.10)

4
𝑥 𝐼(1 × 𝑛) 𝑃𝑎𝑡ℎ2 (2𝑛𝑑 𝑟𝑜𝑤) ]
𝜃𝑔4 = [ 𝜃𝑠𝑔

(3.11)
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By transforming the position changes from the grid back to the angle, the position
change matrix of the axes can be obtained in size of 4× (n + m) as shown in Eq.
(3.12). The position change rows in the θ array are relative to the sequence. The order
of axes for the first sequence is [𝜃1 , 𝜃 2 , 𝜃 3 , 𝜃 4 ], whereas for sequence 4, this order
will be [𝜃 2 , 𝜃 4 , 𝜃1 , 𝜃 3 ].
1
𝜃𝑖𝑛
+ (𝜃𝑔1 − 1) ∙ 𝛿𝜃1
𝜃𝑔1
𝜃
2
2
𝜃𝑔2
𝜃𝑖𝑛
+ (𝜃𝑔2 − 1) ∙ 𝛿𝜃 2
𝜃
′
′
′
𝜃 = [ 3 ] = 𝜃𝑖𝑛 + 𝛿𝜃 ∙ 3 = 3
𝜃
𝜃𝑔
𝜃𝑖𝑛 + (𝜃𝑔3 − 1) ∙ 𝛿𝜃 3
4
4
𝜃
4
[𝜃𝑔 ] [ 𝜃𝑖𝑛
+ (𝜃𝑔4 − 1) ∙ 𝛿𝜃 4 ]
1

(3.12)

Since the 1st and 3rd axes can rotate in full turns, 360 mod of the position changes
obtained for these axes should be taken. For the 1st sequence, the 1st and 3rd rows of
the θ array belong to the 1st and 3rd axis, while the 3rd and 4th rows for the 4th sequence
belong to the 1st and 3rd axis.
In a 3-dimensional workspace, the configuration space of any system with 2 joints is
two dimensional. If both of the 2 joints are not fully rotated (0-2π), then the C-space
is represented as rectangular shaped. If only one of the 2 joints is fully rotated, the
C-space is represented as circular. Finally, if both joints have capability of fully
rotating, then C-space is represented as torus shaped.
For example, a joint in a system can work between (0-2π). Let the starting position
be π/4 radians and the target position 3π/2 radians. It can go from its starting position
to its target in two different ways. The first can go from π/4 to 0 radians (also 2π),
then from 2π to 3π/2 radians, in this case a total of 3π/4 radians travel. Another option
is to go directly from π/4 to 3π/2 radians. In this case, a total distance of 5π/4 radians
has been taken. Therefore, if we do not show the C-space of fully rotated axes
different from rectangular and we do not let the search algorithms know this,
algorithms will use only one of the 2 options. This does not always guarantee that
the optimum path will be found, and sometimes even though it is a suitable path, it
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does not find solutions. Since the information of fully rotated axes is used within the
scope of our study, this situation is discussed in detail.

3.1.2.1

Rectangular Shaped C-Space

Any 2-D C-Space can be represented as rectangular shaped as given in Figure 3.3.
After the rectangular shaped C-Space is obtained, path planning can be performed
by utilizing the starting and target grids given. If both axes mentioned do not have
the capability of full turns (0-2π), there is no way to go from the starting grid to the
target grid, as can be seen below.

Figure 3.3. A sample rectangular shaped C-Space

3.1.2.2

Cylindrical/Circular Shaped C-Space

If one of the two axes shown in the rectangular shaped C-Space given in Figure 3.3
has the capability of full turns, the C-Space can be represented as cylindrical or
circular shaped as shown in Figure 3.4. This type of C-Space is mostly used in this
research, while eight out of twelve C-Spaces in sequences are cylindrical/circular
shaped C-Space. According to Figure 3.4, the 1st axis can rotate fully, while 2nd axis
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cannot. However, in the case only the 2nd axis could rotate fully around itself, the
axes would be replaced with each other. The circular notation will be used within the
scope of the study.
Path planning is different in this type of C-Space. Considering cylindrical/circular
shaped C-Space only as rectangular shaped C-Space limits the system's mobility. In
rectangular shaped C-Space given in Figure 3.3, while there is no way between the
starting and the target grids, but if one of two axes could rotate fully (0-2π), the
cylindrical C-Space may be considered as three rectangular shaped C-Spaces in a
column or in a row as shown in Figure 3.5, and so it can be observed that there is
actually an appropriate way.

Figure 3.4. A sample cylindrical/circular shaped C-Space (only 1st axis can rotate
fully)
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Figure 3.5. The representation of circular shaped C-Space as 3 rectangular shaped
C-Space. (a) only 1st axis can rotate fully (b) only 2nd axis can rotate fully
In section (a) of Figure 3.5, the size of the C-Space becomes 3𝑠1 × 𝑠2 , while for
section (b) it is 𝑠1 × 3𝑠2 . Although the updated C-Spaces in Figure 3.5 have a single
starting grid, there are three target grids in each section. This means that three
different paths can be searched using three different options shown in the sections,
and the shortest path in the successful paths is selected. In this case, it is necessary
to update the starting and target grids according to 𝑖𝑒𝑛𝑑 and 𝑗𝑒𝑛𝑑 values. The starting
grid can be updated as follows:
1
(𝜃𝑠𝑔
)

𝑖,𝑗

1
= 𝜃𝑠𝑔
+ 𝑠1 ⌈

𝑖𝑒𝑛𝑑 − 1
⌉,
2

2
(𝜃𝑠𝑔
)

𝑖,𝑗

2
= 𝜃𝑠𝑔
+ 𝑠2 ⌈

𝑗𝑒𝑛𝑑 − 1
⌉
2

(3.13)

The target grids are updated according to the i and j values for the three options of
each section as given in Eq. (3.14).
1
(𝜃𝑡𝑔
)

𝑖,𝑗

1
= 𝜃𝑡𝑔
+ 𝑠1 (𝑖 − 1),

2
(𝜃𝑡𝑔
)
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𝑖,𝑗

2
= 𝜃𝑡𝑔
+ 𝑠2 (𝑗 − 1)

(3.14)

3.1.2.3

Torus Shaped C-Space

Mathematical study of surfaces whose properties do not change with certain
deformations such as bending or stretching is called topology of space [55, 58, 62].
The topology for robot arm with two revolute joints can be described as
𝑆1 ∗ 𝑆1 = 𝑇 2

(3.15)

The above equation means that the C-Space for two revolute joints system is a torus
(with no joint limits for the joints). Where S1 is the circle description, and T2 is the
two-dimensional torus surface [64]. Each joint angle pair corresponds a unique grid
on the surface of torus. If both axes shown in the rectangular shaped C-Space in
Figure 3.3 have the capability of fully rotation, the C-Space can be represented as
torus as in Figure 3.6.

Figure 3.6. A sample torus shaped C-Space (both axes can rotate fully)

In the study of Raheem and Hussain, torus shaped C-Space is defined but path
planning is made by considering torus C-Space only as a rectangular shaped C-Space
which limits the system's mobility [65]. Path planning is different in this type of CSpace. There are very few studies in the literature that work on torus C-Space and
find the optimum path. One of them is the study of Jaillet and Porta [66], in which
torus shaped C-Space is introduced as manifold and path planning are made on the
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manifold itself by using bidirectional RRT* path planning algorithm as shown in
Figure 3.7.

Figure 3.7. A bidirectional RRT* used on a torus-shaped manifold [66]

Using the algorithm of Jaillet and Porta is an option for path planning on the torus
shaped C-Space. However, for military systems, sometimes fast but long-distance
solutions may be preferred instead of optimum solutions with long processing times
in some cases. Therefore, a simple method is proposed to solve path planning
problems on torus shaped C-Space as given in Figure 3.8. Using this method helps
us to cut the runs when finding first solution or wait until optimum solution. The
torus shaped C-Space may be considered as nine rectangular shaped C-shapes which
are formed as 3×3 matrix. In this case, the size of the C-Space becomes 3𝑠1 × 3𝑠2 .
Although the updated torus shaped C-Space has a single starting grid, there are nine
target grids. Hence, there are nine different paths can be searched using nine different
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options shown in the Figure 3.8. The shortest path is selected among the successful
paths. Depending on the need, the shortest path (time costly) or the first found path
can be preferred. In this case, it is necessary to update the starting and target grids as
follows. The starting grid can be updated according to 𝑖𝑒𝑛𝑑 and 𝑗𝑒𝑛𝑑 values via
using Eq. (3.13). The target grids are updated according to the i and j values for the
nine options in Figure 3.8 via using Eq. (3.14).

Figure 3.8. The representation of torus shaped C-Space as 9 rectangular shaped
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3.1.3

Source Codes

The Algorithm-3.1 starts by initializing 4-D C-space, starting/target positions
(𝜃𝑠 , 𝜃𝑡 ), initial values of axes (𝜃𝑖𝑛 ), step sizes of axes (𝛿𝜃), time step (𝑡𝑠 ) and lastly
converging option (𝐶𝑜𝑛𝑣𝑂𝑝𝑡) which is 2, 1 and 0 for fast, medium and optimum
one, respectively. The details of inputs are given in Section 3.1.2. Firstly, the
transformations of start and target positions to grids are done in Line 1. Then, main
for-loop is initiated in Line 2 in size of six which is number of sequences. Between
Lines 3-5, two 2-D configuration maps for first and second driven axes pair, their
1
1
start/target nodes and 𝑖𝑒𝑛𝑑
,𝑗𝑒𝑛𝑑
values are generated according to instant sequence

from “𝐶𝑆𝑝𝑎𝑐𝑒4𝐷”. Next, two paths are planned using RCT_PP algorithm which is
explained in Algorithm-3.2 (Lines 6-7). As a result of these path planning, whether
there is a path (1) or not (0) and also the data of path found are obtained. If there is
a successful path in both and the converging option is fast or medium, then the loop
is terminated (Line-8). Otherwise, the loop is expected to end. Among the successful
sequences, the sequence with the shortest path is found in Line 11. The 𝑃𝑎𝑡ℎ1 and
𝑃𝑎𝑡ℎ2 in the corresponding sequence are expressed as the first and second driven
axis paths. Using these paths, axis position changes (θ) are obtained as described in
Section 3.1.2.
Algorithm-3.1: 4-D Path Planning
In: 𝐶𝑆𝑝𝑎𝑐𝑒4𝐷 (𝑠1 × 𝑠2 × 𝑠3 × 𝑠4 ), 𝜃𝑠 , 𝜃𝑡 , 𝜃𝑖𝑛 , 𝛿𝜃, 𝑡𝑠 , 𝐶𝑜𝑛𝑣𝑂𝑝𝑡
Out: 𝜃
1

𝑡𝑟𝑎𝑛𝑓𝑜𝑟𝑚 𝑎𝑛𝑔𝑙𝑒𝑠 𝑜𝑓 𝜃𝑠 , 𝜃𝑡 𝑡𝑜 𝑔𝑟𝑖𝑑𝑠 → 𝜃𝑠𝑔 , 𝜃𝑡𝑔

2

for 𝑆𝑒𝑞𝑁 = 1 𝑡𝑜 6 → 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒 𝑛𝑢𝑚𝑏𝑒𝑟

3

𝑑𝑒𝑟𝑖𝑣𝑒 → 𝑀𝐴𝑃2𝐷1

& 𝑀𝐴𝑃2𝐷2 𝑓𝑟𝑜𝑚 𝐶𝑆𝑝𝑎𝑐𝑒4𝐷

4

1
1
2
2
𝑑𝑒𝑓𝑖𝑛𝑒 → 𝑖𝑒𝑛𝑑
𝑗𝑒𝑛𝑑
𝑖𝑒𝑛𝑑
𝑗𝑒𝑛𝑑
𝑎𝑐𝑐. 𝑡𝑜 𝑡𝑦𝑝𝑒 𝑜𝑓 𝐶. 𝑆𝑝𝑐

5

𝑑𝑒𝑟𝑖𝑣𝑒 → 𝑆𝑡𝑁𝑜𝑑𝑒 1 , 𝑆𝑡𝑁𝑜𝑑𝑒 2 , 𝑇𝑟𝑁𝑜𝑑𝑒 1 , 𝑇𝑟𝑁𝑜𝑑𝑒 2
𝜃𝑠𝑔 , 𝜃𝑡𝑔 𝑎𝑐𝑐𝑜𝑟𝑑𝑖𝑛𝑔 𝑡𝑜 𝑖𝑛𝑠𝑡𝑎𝑛𝑡 𝑠𝑒𝑞.

6

1
1
1
1
[𝑃𝑎𝑡ℎ𝑆𝑒𝑞𝑁
𝑅𝑠𝑙𝑡𝑆𝑒𝑞𝑁
] = 𝑹𝑪𝑻𝑷𝑷(𝑀𝐴𝑃2𝐷1,𝑆𝑡𝑁𝑜𝑑𝑒 1 ,𝑇𝑟𝑁𝑜𝑑𝑒 1 ,𝐶𝑜𝑛𝑣𝑂𝑝𝑡,𝑖𝑒𝑛𝑑
)
,𝑗𝑒𝑛𝑑
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7

2
2
2
2
[𝑃𝑎𝑡ℎ𝑆𝑒𝑞𝑁
𝑅𝑠𝑙𝑡𝑆𝑒𝑞𝑁
] = 𝑹𝑪𝑻𝑷𝑷(𝑀𝐴𝑃2𝐷2,𝑆𝑡𝑁𝑜𝑑𝑒 2 ,𝑇𝑟𝑁𝑜𝑑𝑒 2 ,𝐶𝑜𝑛𝑣𝑂𝑝𝑡,𝑖𝑒𝑛𝑑
)
,𝑗𝑒𝑛𝑑

8

1
2
if (𝐶𝑜𝑛𝑣𝑂𝑝𝑡 == 1 𝑜𝑟 2) && ( 𝑅𝑠𝑙𝑡𝑆𝑒𝑞𝑁
∙ 𝑅𝑠𝑙𝑡𝑆𝑒𝑞𝑁
== 1) →

𝑏𝑟𝑒𝑎𝑘 𝑙𝑜𝑜𝑝 end if
9

end for

10 if max(𝑅𝑠𝑙𝑡1 ∙ 𝑅𝑠𝑙𝑡 2 ) == 1
11

𝑆𝑒𝑞𝑅𝑒𝑠 ← 𝑓𝑖𝑛𝑑 𝑡ℎ𝑒 𝑠𝑒𝑞. 𝑤ℎ𝑖𝑐ℎ ℎ𝑎𝑠 𝑠ℎ𝑜𝑟𝑡𝑒𝑠𝑡 𝑝𝑎𝑡ℎ 𝑜𝑓
1
2
(𝑃𝑎𝑡ℎ𝑆𝑒𝑞𝑅𝑒𝑠
+ 𝑃𝑎𝑡ℎ𝑆𝑒𝑞𝑅𝑒𝑠
)

12

1
2
𝑃𝑎𝑡ℎ1 = 𝑃𝑎𝑡ℎ𝑆𝑒𝑞𝑅𝑒𝑠
& 𝑃𝑎𝑡ℎ2 = 𝑃𝑎𝑡ℎ𝑆𝑒𝑞𝑅𝑒𝑠

13

𝜃 ← 𝑃𝑎𝑡ℎ1 & 𝑃𝑎𝑡ℎ2 𝑎𝑛𝑑 𝜃𝑖𝑛 , 𝛿𝜃, 𝜃𝑠𝑔 , 𝜃𝑡𝑔 , 𝑡𝑠

14 else → 𝑛𝑜 𝑝𝑎𝑡ℎ 𝑖𝑠 𝑓𝑜𝑢𝑛𝑑 end if
15 return 𝜃

The Algorithm-3.2 expects a 2-D configuration map in size of 𝑠1 × 𝑠2 , starting/target
grids, converging option (𝐶𝑜𝑛𝑣𝑂𝑝𝑡) and finally 𝑖𝑒𝑛𝑑 , 𝑗𝑒𝑛𝑑 values which are defined
for each type of C-space in Section 3.1.2. Firstly, the 2-D configuration map is
repeated in size of 𝑖𝑒𝑛𝑑 and 𝑗𝑒𝑛𝑑 which depend on type of C-Space (Line 1). In Line
2, the starting grid is updated using the sizes of map and 𝑖𝑒𝑛𝑑 , 𝑗𝑒𝑛𝑑 values. Then,
main for-loops are initiated in Lines 3-4 in sizes of 𝑖𝑒𝑛𝑑 and 𝑗𝑒𝑛𝑑 . Next, a path
planning is carried out using well-known A_Star algorithm [55, 61] which expects
2-D map and start/target grids and returns whether there is a path (1) or not (0) and
also the data of path found (Line 6). If there is a successful path and the converging
option is only fast, then the loops are terminated (Lines 7-9). Otherwise, the loop is
expected to end. The shortest path is found in Line 13 among the successful paths.
As a result of this algorithm, whether there is a path (1) or not (0) and also the data
of path found are obtained.
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Algorithm-3.2: RCT Path Planning Algorithm (RCT_PP)
1
2
1
2
𝜃𝑠𝑔
𝜃𝑡𝑔
In: 𝑀𝐴𝑃2𝐷 (𝑠1 × 𝑠2 ), [𝜃𝑠𝑔
] , [𝜃𝑡𝑔
],
𝐶𝑜𝑛𝑣𝑂𝑝𝑡, 𝑖𝑒𝑛𝑑 , 𝑗𝑒𝑛𝑑
Out: [ 𝑃𝑎𝑡ℎ, 𝑅𝑠𝑙𝑡 ]
1

𝑀𝐴𝑃2𝐷𝑛𝑒𝑤 = 𝑟𝑒𝑝𝑚𝑎𝑡(𝑀𝐴𝑃2𝐷, 𝑖𝑒𝑛𝑑 , 𝑗𝑒𝑛𝑑 )

2

[(𝜃𝑠𝑔 )𝑖,𝑗

3

for 𝑖 = 1 𝑡𝑜 𝑖𝑒𝑛𝑑

4

1

2
1
(𝜃𝑠𝑔
) ] = [𝜃𝑠𝑔
+ 𝑠1 ⌈
𝑖,𝑗

𝑖𝑒𝑛𝑑 − 1
𝑗𝑒𝑛𝑑 − 1
2
⌉ | 𝜃𝑠𝑔
+ 𝑠2 ⌈
⌉)]
2
2

for 𝑗 = 1 𝑡𝑜 𝑗𝑒𝑛𝑑
1

2
1
(𝜃𝑡𝑔
) ] = [𝜃𝑡𝑔
+ 𝑠1 (𝑖 − 1)
𝑖,𝑗

5

[(𝜃𝑡𝑔 )𝑖,𝑗

6

[𝑃𝑎𝑡ℎ𝑖,𝑗 𝑅𝑠𝑙𝑡𝑖,𝑗 ] =
𝑨𝑺𝒕𝒂𝒓(𝑀𝐴𝑃2𝐷

1
𝑛𝑒𝑤 ,[(𝜃𝑠𝑔 )𝑖,𝑗

7

2
| 𝜃𝑡𝑔
+ 𝑠2 (𝑗 − 1))]

2 )
(𝜃1 )
(𝜃𝑠𝑔
𝑖,𝑗 ],[ 𝑡𝑔 𝑖,𝑗

2 )
(𝜃𝑡𝑔
𝑖,𝑗 ])

if 𝐶𝑜𝑛𝑣𝑂𝑝𝑡 == 2 && 𝑅𝑠𝑙𝑡𝑖,𝑗 == 1

8

break (both for loops)

9

end if

10

end for

11 end for
12 if 𝑚𝑎 x(𝑅𝑠𝑙𝑡𝑖,𝑗 ) == 1 → 𝑅𝑠𝑙𝑡 = 1
13

𝑃𝑎𝑡ℎ = 𝑠ℎ𝑜𝑟𝑡𝑒𝑠𝑡 (𝑃𝑎𝑡ℎ𝑖,𝑗 )

14 else → 𝑅𝑠𝑙𝑡 = 0, 𝑃𝑎𝑡ℎ = [ ] end if
15 return [ 𝑃𝑎𝑡ℎ, 𝑅𝑠𝑙𝑡 ]

3.2

Simulation and Verification of Double-turret System

In order to verify the algorithm proposed for 4-D C-space, a double-turret system is
considered as an example. The simulation and point cloud models of the doubleturret system are given in Figure 3.9 and Figure 3.10, respectively.
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Figure 3.9. The simulation model of double-turret system with stationary obstacles

Figure 3.10. The point cloud model of double-turret system with stationary
obstacles
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The turret has 2-DOF, one for traverse and the other for elevation. In this example,
there exists 4-DOF because of two turrets in the common environment. Also, there
are five stationary obstacles around these two turrets. The positions of the stationary
obstacle are adjusted so that the turrets can make a full rotation with the appropriate
elevation angle on the traverse axis. The turrets are identical and their height is 305
mm. The heights of identical stationary obstacles of o1, o2, o3 and o5 350 mm and
the height of obstacle of o4 is 485 mm. Therefore, stationary obstacles do not limit
the operation of the traverse axes (𝜃1 𝑎𝑛𝑑 𝜃 3 ) when the ascending axes are brought
to a suitable angle. However, in case of 𝜃 2 and 𝜃 4 are set to zero, then turrets cannot
rotate fully on traverse because of stationary obstacles and another turret.
The 4-D configuration space of the example is obtained by the method mentioned in
the section 2. In this 4-D C-Space, the elevation axes (𝜃 2 , 𝜃 4 ) start from - 10°, end
at 60° with a step size of 5°. The traverse axes (𝜃1 , 𝜃 3 ) start from 0°, end at 360°
with a step size of 5°. In the method of path planning on the C-Space, the number of
grids in C-Space has a great effect on the algorithm itself. If the grid is too big, the
precision of planning will decrease. If the grid is small, the calculation payload will
increase. A reasonable grid decomposition should be based on some optimum
criterion [54]. The 4-D C-Space can be represented by a certain number of 3-D
configuration spaces. For this example, it can be obtained with fifteen different 3-D
C-Spaces for each value of elevation axis of turret-2 (𝜃 4 ) in the example of doubleturret system. The 3-D representations of this 4-D C-Space are given for 0° and 60°
elevation of turret-2 in Figure 3.11 and Figure 3.12, respectively.
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Figure 3.11. 3-D C-Space of double-turret system (θ4 = 00)

Figure 3.12. 3-D C-Space of double-turret system (θ4 = 600)
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3.2.1

Random Simulation Runs

Since it is not possible to plan motions between all possible starting and target
positions of the system, random positions were determined and the performance of
the system was obtained statistically. A total of six different sequences were
determined for path planning. Different configuration spaces, such as rectangular,
circular and torus shaped, are used in these sequences. Although a rectangular CSpace has only one path planning option, there are three different options in circular
shaped and nine different options in torus shaped C-Spaces. As mentioned in the
introduction, sometimes a fast calculated but a long way, sometimes a slow
calculated but a short way may be preferred depending on the application. Because
the point to focus on here is the sum of calculation and operation time. The algorithm
starts searching according to the first defined sequence order. Since there are
different numbers of motion planning options according to the C-Space type in the
sequence in which the search is made, there are three different converging options
depending on when the search will end. They can be called as fast, medium and
optimum. In the fast option, the algorithm ends when the first successful path is
achieved. In the medium option, after the algorithm scans all the options in that
instant sequence, it ends by choosing the shortest path between the options. If it does
not find a suitable route in all the options of the sequence it is in, it moves to the next
sequence determined and continues the same operation in this sequence. In the
optimum option, all the sequences and all the options of these sequences are scanned
and the optimum solution is found.
Sequences and options of these sequences should be placed in a suitable order in
order for fast and medium converging options to find fast solutions as specified.
Otherwise, all converging options will have to scan all sequences, so a quick solution
may not be found. Therefore, random simulation runs were performed to determine
sequences’ order. A thousand random start and target positions were used to measure
the performance of the sequences. It was paid attention that these locations are not
in the disabled areas in 4-D C-Space. Because if the starting and target positions were
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in the disabled area, the sequence performance could not be measured since there
would be no suitable way. As a result of random simulations, successful path
planning results in the sequences were obtained as shown in the Figure 3.13. With
the help of all sequences, successful path planning was made between all random
start and target positions. The sequences can be sorted as 1, 2, 5, 4, 3 and 6 according
to their success.
In addition, it was found in sequence 2 for nineteen locations where no suitable route
was found in the first sequence. This has shown that only the first two sequences are
sufficient for path planning between all random positions. However, this result does
not decrease the importance of other options for finding the optimum solution. The
performance of the sequences depends on the position and shape of the stationary
obstacles and the system itself. Because the obtained 4-D C-Space contains all
possible motion scenarios including worst cases, collision free motion is guaranteed.

Figure 3.13. Successful path planning results in the sequences
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Figure 3.14. Successful path planning results in the options of sequences that have
circular type of C-Space

Circular shaped C-Space is used in eight out of twelve configuration spaces of six
sequences. There are three different options in circular shaped C-Space. The ordering
of these options is also important for the fast-converging option. As a result of
random simulations, successful path planning results in the options of sequences
which have circular shaped C-Space are obtained as shown in the Figure 3.14. The
options in circular shaped C-Space can be sorted as 2, 1 and 3 according to their
success. Likewise, torus-shaped C-Space is used in two out of twelve configuration
spaces of six sequences. There are nine different options in torus shaped C-Space.
The ordering of these options is also important for the fast-converging option. As a
result of random simulations, successful path planning results in the options of
sequences which have torus C-Space are obtained as shown in the Figure 3.15. The
options in torus C-Space can be sorted as 5, 6, 2, 8, 4, 7, 3, 1 and 9 according to their
success.
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Figure 3.15. Successful path planning results in the options of sequences that have
torus type of C-Space

3.2.2

Case Study

With the help of random simulations, the performances of the sequences and their
options were statistically measured. So, sequence and option orders have been
updated. Then, it is possible to see the differences between the converging options
by planning a path between a sample pair of start and target positions which are given
in Eqs. (3.16) and (3.17), respectively.
𝜃𝑠 = [ 𝜃𝑠1 , 𝜃𝑠2 , 𝜃𝑠3 , 𝜃𝑠4 ] = [40°, −10°, 320°, 50°]

(3.16)

𝜃𝑡 = [ 𝜃𝑡1 , 𝜃𝑡2 , 𝜃𝑡3 , 𝜃𝑡4 ] = [300°, 55°, 50°, −5°]

(3.17)

64

3.2.2.1

Result for Fast Converging Option

When planning a path with fast converging option using the starting and target
positions given in the Eqs. (3.16) and (3.17), the results are obtained as in Figure
3.16. The first successful paths of both driven axes were found in approximately 0.05
seconds in the first option of the 1st sequence using circular shaped C-Spaces.

Figure 3.16. A sample path planning using fast converging option (a) first driven
axes pair, (b) second driven axes pair

After obtaining the variations of the axis positions relative to each other, their
variations over time can be achieved as shown in Figure 3.17 using section 3.1.2. In
order to drive double-turret system, the absolute changes of positions are converted
into incremental position changes by resetting starting positions as zero.
The traverse and elevation motion profiles should be created according to angular
speed, acceleration or time requirements after obtaining grid changes. If the angular
velocities of the axes are set to 5°/s, the time required to pass one grid is 1 second.
In this case, the system can reach the target position from the specified start position
in 109 seconds. The turrets will reach the target position without any collision if the
system performs simultaneous traverse and elevation rotations as shown in Figure
3.17.
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Figure 3.17. The change of position profiles concerning path planning result of fast
converging option (a) absolute change, (b) incremental change

Figure 3.18. The change of minimum clearances between bodies in fast converging
option

Once the motion profiles are obtained, the rotations of the double-turret system were
simulated in the model. As a result of this simulation, the changes of minimum
clearances between bodies are obtained as shown in Figure 3.18. In the Figure 3.18,
the letters g, o and h represent guns, obstacles and hulls respectively. The minimum
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clearance is between g1-o2 and also g2-o5 which is 5.9 mm and no collision occurs
as expected. The safe clearance value can be defined by safe distance between point
clouds, δ during obtaining C-Space.

3.2.2.2

Result for Medium Converging Option

When planning a path with medium converging option using the starting and target
positions given in the Eqs. (3.16) and (3.17), the results are obtained as in Figure
3.19. The successful paths of both driven axes for medium converging option were
found in approximately 0.45 seconds in the second option of the 1st sequence using
circular shaped C-Spaces.

Figure 3.19. A sample path planning using medium converging option (a) first
driven axes pair, (b) second driven axes pair
After obtaining the variations of the axis positions relative to each other, their
variations over time can be achieved as shown in Figure 3.20 using section 3.1.2. In
order to drive double-turret system, the absolute changes of positions are converted
into incremental position changes by resetting starting positions as zero. Because
absolute position changes are obtained by taking 360 modes of fully rotatable axes,
it is not suitable for driving the turrets.
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Figure 3.20. The change of position profiles concerning path planning result of
medium converging option (a) absolute change, (b) incremental change
If the angular velocities of the axes are set to 5°/s, the time required to pass one grid
is 1 second. In this case, the system can reach the target position from the specified
start position in 39 seconds. The turrets will reach the target position without any
collision if the system performs simultaneous traverse and elevation rotations as
shown in Figure 3.20. Once the motion profiles are obtained, the rotations of the
double-turret system were simulated in the model. As a result of this simulation, the
changes of minimum clearances between bodies are obtained as shown in Figure
3.21. The minimum clearance between bodies is greater than 82.3 mm and no
collision occurs as expected.
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Figure 3.21. The change of minimum clearances between bodies in medium
converging option

3.2.2.3

Result for Optimum Converging Option

When planning a path with optimum converging option using the starting and target
positions given in the Eqs. (3.16) and (3.17), the results are obtained as in Figure
3.22. The successful path for optimum converging option was found in
approximately 23.8 seconds in the third option of the 3rd sequence using torus and
rectangular shaped C-Spaces. Since in this optimum converging option all sequences
and their options are scanned, the time required to find the optimum path is quite
high as expected.
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Figure 3.22. A sample path planning using optimum converging option (a) first
driven axes pair, (b) second driven axes pair

After obtaining the variations of the axis positions relative to each other, their
variations over time can be achieved as shown in Figure 3.23 using section 3.1.2. In
order to drive double-turret system, the absolute changes of positions are converted
into incremental position changes by resetting starting positions as zero. Because
absolute position changes are obtained by taking 360 modes of fully rotatable axes,
it is not suitable for driving the turrets.

Figure 3.23. The change of position profiles concerning path planning result of
optimum converging option (a) absolute change, (b) incremental change
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Figure 3.24. The change of position profiles concerning path planning result of
optimum converging option (a) absolute change, (b) incremental change
If the angular velocities of the axes are set to 5°/s, the time required to pass one grid
is 1 second. In this case, the system can reach the target position from the specified
start position in 34 seconds. The turrets will reach the target position without any
collision if the system performs simultaneous traverse and elevation rotations as
shown in Figure 3.23. Once the motion profiles are obtained, the rotations of the
double-turret system were simulated in the simulation model. As a result of this
simulation, the changes of minimum clearances between bodies are obtained as
shown in Figure 3.24. The minimum clearance between bodies is greater than 77.8
mm and no collision occurs as expected.

3.2.2.4

Comparison of Converging Options

The same 1000 random start and target positions were used to compare the
converging options among themselves. As a result, grid-based average path lengths
and standard deviations were obtained as shown in Figure 3.25. As expected, the best
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option in terms of mean and standard deviation is optimum, then medium and fast
options. But the medium and optimum options are quite similar.

Figure 3.25. Average path lengths of converging options in 1000 random runs

Average calculation times for the 1000 random simulations for all converging
options are given in Table 3.3. All the simulations were executed on an Intel Core i7
at 2.00 GHz running Windows 10. The time required to find a more optimal solution
is gradually increasing. However, it is seen that medium converging option is the
best option within the scope of processing time and path length. But of course, the
selection of the converging option depends on the application.
Table 3.3 Average CPU time for path planning
Converging
Options
Fast
Medium
Optimum

Average CPU Time
(s)
0.0517
0.4567
23.5874
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When the results of 1000 random simulations run before are examined in detail, the
sequence numbers with the most optimum solution in the optimum converging
option were 1, 2, 4, 3, 5 and 6, respectively. Since some of the random simulations
have more than 1 optimum option, the total number in Figure 3.26 (a) exceeds 1000.
As can be seen in the Figure 3.26 (b), 374 of 1000 random simulations only had one
optimal solution, while 554 of them had 2 optimum solutions at the same time and
so on.

Figure 3.26. Detailed analysis on the optimum converging option (a) performance
of sequences (b) number of sequences found simultaneously

3.2.3

Comparison with the Existing Method Proposed for Dual-arm
Robot

The algorithm proposed for the dual-arm robot [20], which is most similar to the
system studied on, and the method described in all details within the scope of this
study was compared. In dual-arm robot work, instead of obtaining a 4-D
configuration space, each arm is taken small steps, and as a result of these steps, a 2D configuration space is produced again each time. It is tried to solve the same
problem with the proposed algorithm within the scope of the study. In this context,
the dual-arm robot given in Figure 3.1 is modelled with the given dimensions, and
obtained the 4-D configuration space of 22 × 26 × 22 × 26 by point cloud
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method. Then, the simulation in the dual-arm robot study is repeated with the
proposed algorithm. The operating limits for joints are given in Eqs. (3.18) and
(3.19). The start and target positions of all joints are given in Eqs. (3.20) and (3.21),
respectively.
𝜃1 ∈ [80°, 185°],

𝜃 3 ∈ [−5°, 100°],

𝜃 2 ∈ [−25°, −150°]

(3.18)

𝜃 4 ∈ [25°, 150°]

(3.19)

𝜃𝑠 = [ 𝜃𝑠1 , 𝜃𝑠2 , 𝜃𝑠3 , 𝜃𝑠4 ] = [95°, −70°, 70°, 120°]

(3.20)

𝜃𝑡 = [ 𝜃𝑡1 , 𝜃𝑡2 , 𝜃𝑡3 , 𝜃𝑡4 ] = [110°, −120°, 85°, 80°]

(3.21)

The operating limits for the dual-arm robot show that any axis is not fully-rotated.
In this case, fast and medium converging options are the same. Fast and medium
converging options stop the solution as they first find a solution in the 3rd sequence.
Since the optimum converging option looks at all sequences, it finds solutions in
both of the 3rd and 4th sequences and gives the conclusion that the optimum solution
is in the 3rd sequence.

Figure 3.27. A sample path planning for dual-arm robot (a) first driven axes pair,
(b) second driven axes pair
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After obtaining the variations of the axis positions relative to each other, the
simulation of dual-arm robot is done as shown in Figure 3.28. The collision-free
motion planning of dual-arm robot is achieved by the simultaneous movement of
both arms. UL, LL, UR and LR represent upper-left, lower-left, upper-right and
lower-right, respectively.

Figure 3.28. Simulation of the dual-arm robot where two arms move
simultaneously.
After obtaining the variations of the axis positions relative to each other, their
variations over time can be achieved as shown in Figure 3.29 using section 3.1.2.
If the angular velocities of the axes are set to 5°/s, the time required to pass one grid
is 1 second. In this case, the system can reach the target position from the specified
start position in 40 seconds. Once the motion profiles are obtained, the rotations of
the dual-arm robot are simulated in the simulation model. As a result of this
simulation, the changes of minimum clearances between bodies are obtained as
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shown in Figure 3.30. The minimum clearance between bodies is greater 6.3 mm and
no collision occurs as expected.

Figure 3.29. The change of position profiles concerning path planning result for
dual-arm robot

Figure 3.30. The change of minimum clearances between bodies for dual-arm robot
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In order to realize this simulation in the dual-arm robot study, the configuration space
is calculated approximately 60 times in real time and made 60 times path planning
[20]. It is stated that each discrete C-Space constructing took 12ms and the C-Space
obstacle boundaries decomposing took 6ms, not including the time taken by the
movement itself. Moreover, C-space construction was comparatively faster as each
arm of the dual-arm robot was simply modeled as rectangular. However, it may not
be possible to apply the old method directly in real-time since it will take a lot of
time to create a C-space using the volumes of more complex arms. However, within
the scope of the study, with the help of 4-D C-space, the C-space does not need to
be calculated each time, thus saving the mentioned calculation time. Moreover, since
the 4-D configuration space is obtained once using point clouds, the exact same
model can be used, as parts of the robot do not need to be modeled with familiar
shapes. In addition, since there are 6 sequences for any situation, path planning can
be tried a maximum of 6 times for non-fully rotated axes. In addition, since there are
6 sequences for any situation, path planning can be tried a maximum of 6 times.
Finally, it is overlooked that fully rotated axes can move cw or ccw using the old
method. However, with the proposed method, with the axes being fully rotated, every
situation is considered and the optimum path is planned.

3.3

Handling of Configuration Space of Aligned Multiple-turret System

More than one gun turret can operate on the same platform. While there are millions
of different configurations even in 4-D space for a double-turret system, billions or
even trillions of different configurations can be defined for systems with 3 and more
turrets. Increasing the degrees of freedom naturally means increasing the size of the
configuration space exponentially. Aligned multiple-turret system can be illustrated
as in Figure 3.31.
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Figure 3.31. Aligned multiple-turret system
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If (n) number of turrets were able to interact with each other, an n-dimensional
configuration space could be mentioned. However, since an individual turret
interacts only with neighboring turrets, motion planning can be made by obtaining
(n-1) number of 4-D configurations space. One of the 4-D configuration space
includes the entire configuration space with given angle ranges of two adjacent
turrets. At the stage of obtaining this 4-D space, all other turrets except 2 related
turrets are considered as if they do not exist. All fixed obstacles around are always
taken into account when obtaining all configuration spaces. The 4-D configuration
space of first and second turrets (T1, T2) can be named as (𝐶1,2 )

𝑓𝑖𝑥

whose

dimensions are 𝑑𝑡1 , 𝑑𝑒1 , 𝑑𝑡2 and 𝑑𝑒2 . Once all fixed 4-D configuration spaces are
obtained, live 4-D configuration spaces are obtained by super-positioning using the
instantaneous positions of the adjacent turrets. When obtaining live configuration
spaces in the aligned multiple-turret system shown in Figure 3.31, superposition is
made as shown in Eq. (3.22). However, for the first and last double turrets the Eq.
(3.22) is updated as in Eqs. (3.23) and Eq. (3.24), respectively.

𝑙𝑖𝑣𝑒

(𝐶𝑛,𝑛+1 )

= 𝑆𝑢𝑝𝑒𝑟𝑃𝑜𝑠 {(𝐶𝑛−1,𝑛 )

(𝐶1,2 )

(𝐶𝑛−1,𝑛 )

𝑙𝑖𝑣𝑒

𝑙𝑖𝑣𝑒

𝑓𝑖𝑥

, (𝐶𝑛,𝑛+1 )

= 𝑆𝑢𝑝𝑃𝑜𝑠 {(𝐶1,2 )

𝑓𝑖𝑥

= 𝑆𝑢𝑝𝑃𝑜𝑠 {(𝐶𝑛−2,𝑛−1 )
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𝑓𝑖𝑥

, (𝐶𝑛+1,𝑛+2 )

, (𝐶2,3 )

𝑓𝑖𝑥

𝑓𝑖𝑥

}

(3.22)

(3.23)

}

, (𝐶𝑛−1,𝑛 )

𝑓𝑖𝑥

𝑓𝑖𝑥

}

(3.24)

Algorithm-3.3: SuperPos
In: (𝐶1,2 )

𝑓𝑖𝑥

Out: (𝐶2,3 )

, (𝐶2,3 )

𝑓𝑖𝑥

, (𝐶3,4 )

𝑓𝑖𝑥

𝜃𝑡1 , 𝜃𝑒1 , 𝜃𝑡4 , 𝜃𝑒4

𝑙𝑖𝑣𝑒
𝑓𝑖𝑥

for 𝜃𝑡1 , 𝜃𝑒1

𝑓𝑖𝑥

for 𝜃𝑡4 , 𝜃𝑒4

1

𝑇𝑒𝑚𝑝12 (𝑑𝑡2 × 𝑑𝑒2 ) = 2-D section of (𝐶1,2 )

2

𝑇𝑒𝑚𝑝34 (𝑑𝑡3 × 𝑑𝑒3 ) = 2-D section of (𝐶3,4 )

3

(𝐶2,3 )

4

for 𝑖 = 1 𝑡𝑜 𝑑𝑡3

5
6
7

𝑙𝑖𝑣𝑒

= (𝐶2,3 )

(𝐶2,3 )

𝑙𝑖𝑣𝑒

(: , : , 𝑖, 𝑗) = 𝑂𝑅 {(𝐶2,3 )

𝑓𝑖𝑥

(: , : , 𝑖, 𝑗), 𝑇𝑒𝑚𝑝12 }

end for
end for

9

for 𝑖 = 1 𝑡𝑜 𝑑𝑡2
for 𝑗 = 1 𝑡𝑜 𝑑𝑒2

11
12

→4-D Configuration Spaces

for 𝑗 = 1 𝑡𝑜 𝑑𝑒3

8

10

𝑓𝑖𝑥

(𝐶2,3 )

𝑙𝑖𝑣𝑒

(𝑖, 𝑗, : , : ) = 𝑂𝑅 {(𝐶2,3 )

𝑓𝑖𝑥

(𝑖, 𝑗, : , : ), 𝑇𝑒𝑚𝑝34 }

end for

13 end for
14 return (𝐶 )𝑙𝑖𝑣𝑒
2,3
The Algorithm-3.3 converts fix configuration space of a turret pair to live
configuration space by super positioning and it expects three different 4-D
configuration spaces in size of 𝑑𝑡1 × 𝑑𝑒1 × 𝑑𝑡2 × 𝑑𝑒2 and current positions of adjacent
turrets which are 𝜃𝑡1 , 𝜃𝑒1 , 𝜃𝑡4 and 𝜃𝑒4 . For instance, in order to obtain live configuration
space of second and third turrets (𝐶2,3 )

𝑙𝑖𝑣𝑒

, firstly the 2-D section of adjacent

configuration spaces are obtained for given current positions (𝜃𝑡1 , 𝜃𝑒1 , 𝜃𝑡4 and 𝜃𝑒4 ) as
shown in Line 1 and Line 2. Between Lines 4 to 7, 2-D sections of one of the adjacent
4-D configuration space are superposed with related part of 4-D configuration space
of concerned turret pair. Then, the same is repeated for other adjacent 4-D
configuration space between Lines 9 to 13. Finally, it returns to live configuration
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space (𝐶2,3 )

𝑙𝑖𝑣𝑒

. The live configuration space of the respective turret pair is the same

as long as the positions of adjacent turrets do not change. If any axis of adjacent
turrets moves, the live configuration space needs to be recreated by super
positioning.

3.4

Simulation and Verification of Multiple-turret System

In the scope of this study a triple-turret system is considered as an example. The
simulation and point cloud models of the triple-turret system are given in Figure 3.32
and Figure 3.33, respectively.

Figure 3.32. The simulation model of triple-turret system with stationary obstacles
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Figure 3.33. The point cloud model of triple-turret system with stationary obstacles

A turret has 2-DOF, one for traverse and the other for elevation. In this example,
there exists 6-DOF because of three turrets in the common environment. Also, there
are eight stationary obstacles around these three turrets. The positions of the
stationary obstacle are adjusted so that the turrets can make a full rotation with the
appropriate elevation angle on the traverse axis. The turrets are identical and their
height is 305 mm. The heights of identical stationary obstacles of O2, O3, O4, O6,
and O8 350 mm and the heights of obstacles of O1, O5 and O7 are 250 mm, 330 mm
and 485 mm, respectively. Therefore, stationary obstacles do not limit the operation
of the traverse axes (𝜃𝑡1 , 𝜃𝑡2 𝑎𝑛𝑑 𝜃𝑡3 ) when the ascending axes are brought to a
suitable angle. However, in case of 𝜃𝑒1 , 𝜃𝑒2 and 𝜃𝑒3 are set to zero, then turrets cannot
rotate fully on traverse because of stationary obstacles and other turret. The fix 4-D
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configuration spaces of the turret pairs 1-2 and 2-3 of the triple-turret system are
obtained by the method mentioned in the section 2. In this 4-D C-Space, the elevation
axes (𝜃𝑒1 , 𝜃𝑒2 𝑎𝑛𝑑 𝜃𝑒3 ) start from - 10°, end at 60° with a step size of 5°. The traverse
axes (𝜃𝑡1 , 𝜃𝑡2 𝑎𝑛𝑑 𝜃𝑡3 ) start from 0°, end at 355° with a step size of 5°. In the method
of path planning on the C-Space, the grid number of C-Space has great effect on the
algorithm itself. If the grid is too big, the precision of planning will decrease. If the
grid is small, the calculation payload will increase. A reasonable grid decomposition
should be based on some optimum criterion [54]. A 4-D C-Space can be illustrated
by a certain number of 3-D configuration spaces. For the example of triple turret
system, fifteen different 3-D C-Spaces can be obtained for each value of elevation
axis of turret-2 (𝜃𝑒2 ) for 1-2 turret pair and for each value of elevation axis of turret3 (𝜃𝑒3 ) for 2-3 turret pair. The 3-D representations of the 4-D fix C-Space of 1-2 turret
pair and 2-3 turret pair are given in Figure 3.34 and Figure 3.35, respectively.

Figure 3.34. 3-D C-Spaces of 1-2 turret pair of the triple-turret system
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Figure 3.35. 3-D C-Spaces of 2-3 turret pair of the triple-turret system

For aligned multiple-turret systems, it is aimed to make motion planning by choosing
two adjacent turrets from all existing turrets. Therefore, for triple-turret system there
are 4 different options in total. It can be examined these 4 options under the title of
the uppersequence as given in Table 3.4. For example, when 1st uppersequence is
used, first 1st and 2nd turrets are driven simultaneously. After they arrived to their
target positions and then 3rd turret is driven to its target. Looking at the first driven
turret pair of the 1st uppersequence, it can be seen that the dimension of C-Space is
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4-D due to turret pair 1-2. For first driven turret pair, the proposed 4-D path planning
algorithm is applied and then for 3rd turret 2-D path planning is adequate. Converging
options are still valid. The uppersequence table should be updated if the number of
turrets on platform is changed.
Table 3.4 Information about uppersequence

Uppersequence No
1
2
3
4
3.4.1

First Driven
Turret Pair
Turret
Dimension
Pair
of C-Space
1-2
4-D
3
2-D
2-3
4-D
1
2-D

Second Driven
Turret Pair
Turret
Dimension
Pair
of C-Space
3
2-D
1-2
4-D
1
2-D
2-3
4-D

Case Study

In order to see the differences between the converging options, a sample path is
planned between arbitrary chosen start and target positions which are given in Eq.
35 and 36, respectively.
𝜃𝑠 = [ 𝜃𝑡1 , 𝜃𝑒1 , 𝜃𝑡2 , 𝜃𝑒2 , 𝜃𝑡3 , 𝜃𝑒3 ] = [0°, 0°, 0°, 0°, 0°, 0°]

(3.25)

𝜃𝑡 = [ 𝜃𝑡1 , 𝜃𝑒1 , 𝜃𝑡2 , 𝜃𝑒2 , 𝜃𝑡3 , 𝜃𝑒3 ] = [60°, 40°, 240°, 10°, 240°, 0°]

(3.26)

3.4.1.1

Result for Fast Converging Option

When planning a path with fast converging option using the starting and target
positions given in the Eqs. (3.25) and (3.26), the results are obtained as in Figure
3.36. The first successful paths of both driven turret pair were found in 0.05 seconds
in the first option of the 1st sequence of 1st uppersequence.
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Figure 3.36. A sample path planning using fast converging option (a) first driven
axes pair, (b) second driven axes pair, (c) third driven axes pair
After obtaining the variations of the axis positions relative to each other, their
variations over time can be achieved as shown in Figure 3.37 using section 3.1.2. In
order to drive triple-turret system, the absolute changes of positions are converted
into incremental position changes by resetting starting positions as zero.
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Figure 3.37. The change of position profiles concerning path planning result of fast
converging option

The traverse and elevation motion profiles should be created according to angular
speed, acceleration or time requirements after obtaining grid changes. If the angular
velocities of the axes are set to 5°/s, the time required to pass one grid is 1 second.
In this case, the system can reach the target position from the specified start position
in 113 seconds. The turrets will reach the target position without any collision if the
system performs simultaneous traverse and elevation rotations as shown in Figure
3.37. Once the motion profiles are obtained, the rotations of the triple-turret system
were simulated in the model. As a result of this simulation, the changes of minimum
clearances between bodies are obtained as shown in Figure 3.38. The abbreviation
“Ba”, “Hu” and “O” represent Barrels, Hulls and obstacles, respectively. The
minimum clearance is between barrel of 1st turret (Ba1) and fourth obstacle (O4)
which is 6.7 mm and no collision occurs as expected. The safe clearance value can
be defined by safe distance between point clouds, δ during obtaining C-Space.
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Figure 3.38. The change of minimum clearances between bodies in fast converging
option
3.4.1.2

Result for Medium Converging Option

When planning a path with medium converging option using the starting and target
positions given in the Eqs. (3.25) and (3.26), the results are obtained as in Figure
3.39. The successful paths of three driven axes for medium converging option were
found in 0.45 seconds in the second option of the 1st sequence of 1st uppersequence.
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Figure 3.39. A sample path planning using medium converging option (a) first
driven axes pair, (b) second driven axes pair, (c) third driven axes pair
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After obtaining the variations of the axis positions relative to each other, their
variations over time can be achieved as shown in Figure 3.40 using section 3.1.2. In
order to drive triple-turret system, the absolute changes of positions are converted
into incremental position changes by resetting starting positions as zero. Because
absolute position changes are obtained by taking 360 modes of fully rotatable axes,
it is not suitable for driving the turrets.

Figure 3.40. The change of position profiles concerning path planning result of
medium converging option
If the angular velocities of the axes are set to 5°/s, the time required to pass one grid
is 1 second. In this case, the system can reach the target position from the specified
start position in 65 seconds. The turrets will reach the target position without any
collision if the system performs simultaneous traverse and elevation rotations as
shown in Figure 3.40. Once the motion profiles are obtained, the rotations of the
triple-turret system were simulated in the model. As a result of this simulation, the
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changes of minimum clearances between bodies are obtained as shown in Figure
3.41. The minimum clearance between bodies is greater 6.5 mm and no collision
occurs as expected.

Figure 3.41. The change of minimum clearances between bodies in medium
converging option
3.4.1.3

Result for Optimum Converging Option

When planning a path with optimum converging option using the starting and target
positions given in the Eqs. (3.25) and (3.26), the results are obtained as in Figure
3.42. The successful path for optimum converging option was found in 27.6 seconds
in the first option of the 2nd sequence of 1st uppersequence. Since in this optimum
converging option all sequences and their options are scanned, the time required to
find the optimum path is quite high as expected.
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Figure 3.42. A sample path planning using optimum converging option (a) first
driven axes pair, (b) second driven axes pair, (b) third driven axes pair
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After obtaining the variations of the axis positions relative to each other, their
variations over time can be achieved as shown in Figure 3.43 using section 3.1.2. In
order to drive triple-turret system, the absolute changes of positions are converted
into incremental position changes by resetting starting positions as zero.

Figure 3.43. The change of position profiles concerning path planning result of
optimum converging option
If the angular velocities of the axes are set to 5°/s, the time required to pass one grid
is 1 second. In this case, the system can reach the target position from the specified
start position in 63 seconds. The turrets will reach the target position without any
collision if the system performs simultaneous traverse and elevation rotations as
shown in Figure 3.43. Once the motion profiles are obtained, the rotations of the
triple-turret system were simulated in the simulation model. As a result of this
simulation, the changes of minimum clearances between bodies are obtained as
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shown in Figure 3.44. The minimum clearance between bodies is greater 5.9 mm and
no collision occurs as expected.

Figure 3.44. The change of minimum clearances between bodies in optimum
converging option

3.5

Conclusion

The proposed algorithm attempts to search a path on three different types of CSpaces named as rectangular, circular and torus shaped in three converging options
which are fast, medium and optimum depending on the application. So that, a
collision free motion planning can be carried out for double-turret system operating
in a common workspace. Firstly, 4-D configuration space of the double-turret system
is obtained by using the method of intersection of point clouds where the bodies in
the system are meshed and converted into points. As C-Spaces are obtained with
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point clouds, it is easier to obtain the configuration space of any system at any
dimension with no restrictions on the shape of the system parts. This shows that this
proposed algorithm can be applied to all kinds of systems, not only horizontally
articulated systems which are generally used in former studies. Then, with the help
of the proposed algorithm, 4-D path planning problem was realized as 2-D + 2-D by
using six sequences and their options. Thanks to random simulations, the sequence
and the options of these sequences are provided in an appropriate order and also
proposed algorithm is tried on various input/output combinations. A sample path
planning was made to examine the performance of the algorithm and thus the
converging options. The results obtained for three different converging options were
simulated on the model of the double-turret system and it was observed that there
was no collision between any bodies.
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CHAPTER 4

4

COLLISION AVOIDANCE FOR MULTIPLE-TURRET SYSTEM

With the development of robotic systems, most military systems have now become
remotely controllable, and this has significantly reduced the need for military
personnel [7]. As the number of remote-controlled systems on military vehicles
increase, autonomous driving of the systems and the use of collision avoidance
algorithms are inevitable. Although there are no works directly focusing on the path
planning and collision avoidance of turrets in the literature, algorithms for the
braking and overtaking needs of similar robotic systems, Unmanned Aerial Vehicles
and autonomous vehicles can be guiding. Navigation can be examined under two
different headings; one is global path planning and the other is local collision
avoidance. Global path planning algorithms create a group of waypoints, from a start
position to a target position, passing through obstacles in a working space and
configuration space, while local collision avoidance takes a given waypoint
assignment as a local goal to avoid obstacles [21, 22]. Path planning has pulled in a
great deal of consideration since the 1970s [23]. Different algorithms have been
accounted for over four decades. These algorithms incorporate potential field method
[24], heuristic search method [25] and graph technique [26].
Since it is important for missile system launchers to move from one location to
another rather than a trajectory, global path planning algorithms are used, while local
collision avoidance algorithms are used for the turrets of armored ground vehicles.
For this reason, real-time collision avoidance algorithms are especially focused on.
Velocity Obstacle, Set-Based Guidance, Vector Field Histogram and Dynamic
Window Approach are all local methods. Borenstein and Koren recommended in
1991 a technique for collision avoidance for versatile robots called Vector Field
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Histogram (VFH) [27]. It was introduced as a solution on the basic issues of the
Potential Field strategies, introduced by Khatib in 1985 [28]. In 1997, Fox, Burgard
and Thrun introduced the Dynamic Window Approach (DWA); another technique
for collision avoidance for versatile robots [29]. The Dynamic Window is a
diminished speed space containing only the speeds reachable inside a short measure
of time and that guarantees a way where the robot is capable to stop securely. An
objective function is controlled by consolidating the speed of the robot, the
advancement towards the objective and the separation between the robot and the
hindrance. It brings about a harmony between keeping a rapid motion towards the
objective and performing sly moves to dodge deterrents. The translational and
rotational speeds are picked by maximizing the objective function. Since most robots
have some sort of limitations on speed and acceleration, DWA is particularly decent
since it handles this automatically [30]. Velocity Obstacle (VO) was first published
by Fiorini and Shiller in 1998 [31]. VO is a movement arranging strategy for robots
in extreme situations. It aims to find all speeds for which the robot will crash into a
deterrent sooner or later. These speeds will make confined regions in the speed space
molded like cones, one for each obstacle.
Potential filed method, reactive methods, deformable virtual zones, velocity
potential field and acceleration velocity obstacle can be cited as examples of local
collision avoidance algorithms where intervention to speed and even torque loops is
inevitable for implementation [32-37].
These proposed collision avoidance algorithms for autonomous vehicles [38-42] are
not easy to apply directly to turrets with two different independent axes, as these
algorithms perform their maneuvers by braking or steering [43-46].
Most of the algorithms mentioned above are concerned with taking systems from a
starting point to a target point collision free in dynamic or static environments.
Therefore, there is always a position to which the system is directed. In addition, the
implementation of these algorithms requires frequent intervention in the control
loops of the systems, especially the torque loop, which is the innermost loop. For
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this reason, it is not possible to add these algorithms as add-on to ready-to-use
systems.
Motivated by the above problems, it is focused on the new collision avoidance
algorithm named as End Damping Algorithm which provides systems to be driven
both in speed and position control modes more efficiently and safely.

4.1

End Damping Algorithm

Gun turret system in Figure 4.1 has 2 degrees of freedom, one for elevation and the
other for traverse axis. The gun turret system is expected to provide flexibility and
help the user without colliding different systems on the vehicle.

Figure 4.1. Stabilized remote controlled gun turret system
The system architecture with the End Damping algorithm can be shown as follows.
The system model consists of the position loop (1), the end damping algorithm (2)
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and the closed box (ready-to-use) system (3) itself. The closed box system can be
any system for which speed is commanded. Turret systems are generally used in
speed mode, but position loop is used when bringing the turret to home position or
video tracing issues. A collision avoidance algorithm must be used to avoid colliding
obstacles while the system is controlling the position. For this reason, the endcontrol-damping algorithm is placed between the position controller and the rest of
the system as seen in Figure 4.2. The commands given to the axes are used as speed
command if position control is disabled, and position command if enabled. Proposed
algorithm works as collision avoidance when the system is working in speed mode
and as path planning in position control mode. While operating in both modes,
motion takes place within the speed, acceleration and jerk limits.

Figure 4.2. System architecture

Stabilization and normal operating modes are available according to the
requirements. Most of the system's working life is in speed control mode. Therefore,
collision avoidance algorithms are needed for these systems rather than path
planning. It is possible to show the 2 degree of freedom working space as a 2dimensional configuration space (C-space) as follows.
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Figure 4.3. Sample C-space of gun turret system

As can be seen from configuration space, while there is an upper and lower limit on
the elevation axis, the traverse axis can take a full turn (𝑛 × 2𝜋). The obstacles in
the C-space are expressed as Cartesian based rectangles so that they can be expressed
with a small number of parameters. Since the C-space represents the turret's
movements on the vehicle, all obstacles are adhered to the upper/lower elevation
limits. All obstacle are adjacent to bottom and top which named as lower-hang and
upper-hang. In such systems, there is not much opposition to these situations.
The main purpose of this study is that the current turret position, which is shown as
black dot in Figure 4.3, never enters the lower/upper limits of elevation axis and the
obstacles expressed as Cartesian and to overcome the obstacles. But at the same time,
while doing this, speed, acceleration and jerk limits specified in the performance
requirements of the system must be taken into account. Another critical point is that
while the system is avoiding the obstacle or slowing down in order not to interfere
with the obstacle, it should listen to the new commands from the user instantly and
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apply the new command if the incoming commands do not pose any danger to the
system. It is aimed not to interfere with the user as much as possible while ensuring
the movement of the system without collision. Thus, the user will not have the feeling
of losing control. This can be done by listening to new commands from the user at
every stage of the algorithm.
We can show the instantaneous location of the system as a point in the C-space as in
Eq. (4.1).
𝑝𝑖 = [𝑝𝑡𝑖

,

𝑝𝑒𝑖 ]

(4.1)

In the C-space, look ahead distances on each axis are calculated as in Eq. (4.2) and
(4.3) in order not to collide the upper/lower limits and obstacles. Look ahead distance
is the distance the system travels when it starts to slow down until it stops. The
function named “StopDis” used below gives the stopping distance of a system whose
initial speed and acceleration are given by adhering to the acceleration and jerk
limits. The details of the function 𝑆𝑡𝑜𝑝𝐷𝑖𝑠 are given between Eqs. (4.10) and (4.20).
∆𝑙𝑎
𝑒 = 𝑆𝑡𝑜𝑝𝐷𝑖𝑠(𝜔𝑒 , 𝛼𝑒 ) + 𝑠𝑔𝑛 (𝜔𝑒 ) ∙ 𝛿𝑒

(4.2)

∆𝑙𝑎
𝑡 = 𝑆𝑡𝑜𝑝𝐷𝑖𝑠(𝜔𝑡 , 𝛼𝑡 ) + 𝑠𝑔𝑛 (𝜔𝑡 ) ∙ 𝛿𝑡

(4.3)

By adding look ahead distances to the current position of the turret, look ahead
positions are obtained like Eq. (4.4) and (4.5).
𝑝𝑒𝑙𝑎 = [𝑝𝑡𝑖

,

𝑝𝑒𝑖 + ∆𝑙𝑎
𝑒 ]

𝑝𝑡𝑙𝑎 = [𝑚𝑜𝑑(𝑝𝑡𝑖𝑛𝑡 + 180 , 360) − 180

where 𝑝𝑡𝑖𝑛𝑡 = 𝑝𝑡𝑖 + ∆𝑙𝑎
𝑡
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(4.4)

,

𝑝𝑒𝑖 ]

(4.5)

Since the turret can rotate fully on the traverse axis, the position of the turret is always
in the range of ±180°, by taking the mode as in Eq. (4.5). Because the space we
show as rectangular C-space is actually circular and +180° and −180° represent the
same position.
The red dot shown in Figure 4.3 shows the elevation axis look ahead position and it
is updated instantly. When the red dot comes into contact with any obstacle, the
system will start to slow down on the elevation axis. The same applies to the traverse
axis look ahead position shown as blue dot. Avoiding phase starts when the blue
point comes into contact with any obstacle. The axes can be handled separately in
this way. However, this process alone is not enough to give the turret collision-free
mobility. For this reason, the equivalent look ahead position caused by both axes
should also be considered. The equivalent look ahead position is shown with a green
dot in Figure 4.4.

Figure 4.4. Illustrations of the equivalent look ahead position and converging to
elevation axis
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Normally, if the equivalent look ahead position had not been processed, only the red
and blue dots could not see the obstacle in the figure, so the turret could enter the
obstacle from the corner. As can be seen in Figure 4.4, when the equivalent look
ahead position (green point) touches the corner or above the obstacle, the turret will
only slow down on the elevation axis and avoid the obstacle by passing tangentially
to the obstacle as seen in Figure 4.5.

Figure 4.5. Illustrations of the equivalent look ahead position and converging to
traverse axis

If the equivalent look ahead position enters the obstacle from the side as shown, the
turret will only slow down on the traverse axis and pass tangential to the obstacle. If
the turret is still rotated to the right (towards the obstacle), then the turret will first
slow down on the traverse axis and then begin to avoid the obstacle by elevating.
The axis on which the turret will cross the obstacle is related to which surface the
equivalent look ahead position is closer to. If it closes to the side surfaces of the
obstacle, deceleration starts on the traverse axis; in the case of closing to upper
surface then deceleration occurs on elevation axis.
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The turret avoiding a Cartesian based rectangular shaped obstacle as given in Figure
4.6. Thus, when the traverse or equivalent look-ahead position comes into contact
with the obstacle, the turret will begin to avoid the obstacle. If the actual equivalent
speed of the turret is increased or the maximum rate of deceleration is decreased, the
turret will avoid the obstacle with a larger radius. The reason for this is that in this
case the look ahead distance will be greater, and the presence of the obstacle will be
detected earlier.

Figure 4.6. Avoiding a rectangular shaped obstacle and illustration of the virtual
barriers

An artificial elevation speed command is required for the black dot, which expresses
the current position of the turret in the C-space, to avoid the obstacles. This speed
command should be calculated as in Eq. (4.6) in order to prevent serious overshoots
of the system. We can find the speed value of stopping distance of 𝛿𝑒 and initial
acceleration is assumed to be zero as follows.
𝜔𝑎 = (𝑆𝑡𝑜𝑝𝐷𝑖𝑠)−1
𝑓𝑜𝑟 𝑎𝑎 = 0
𝛿𝑒

105

(4.6)

When the turret crosses the obstacles by using the avoiding speed in Eq. (4.6), the
actual position trajectory will form just around the virtual dynamic barriers without
moving too far from the obstacle as in Figure 4.6.

4.1.1

Worst Cases

Handling all worst scenarios as possible is critical for the robustness of the algorithm.
We can examine the worst scenarios that may occur in such systems under 4
subtitles. The precautions taken for these subtitles will play a role in shaping the
frame of the algorithm.

4.1.1.1

Narrow width obstacles

It is stated that the equivalent look ahead position should also be used so that the
turret does not enter the obstacle from the corner. However, just taking this action
does not guarantee that the turret will not collide with all Cartesian based obstacles.
The distance traveled by the turret until it slows down and stops on the traverse axis
at maximum speed expresses as maximum look ahead distance. If the width of one
of the obstacles is less than this distance then the collision will occur.
As can be seen on the left side of Figure 4.7, the equivalent look-ahead position sees
the obstacle, but on the right side, the collision will occur because the turret cannot
see the obstacle anymore. If the width of the obstacle is greater than or equal to the
value ∆𝑙𝑎
𝑡 , it would not be possible for the turret to collide the obstacle. However,
considering the narrow width obstacles, it is obvious that only one equivalent look
ahead position will not be sufficient. The number of equivalent look ahead position
can be calculated as follows.
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𝑂
𝑙𝑎
Figure 4.7. The relation between ∆𝑒 and 𝑤𝑡

max(∆𝑙𝑎
𝑡 )
𝑛𝑐 = ⌈
⌉
𝑤𝑡𝑜

(4.7)

where
max(∆𝑙𝑎
𝑡 )

2
𝑎𝑚𝑎𝑥
= 𝑆𝑡𝑜𝑝𝐷𝑖𝑠 {(𝜔𝑚𝑎𝑥 −
) , 𝑎𝑚𝑎𝑥 }
2𝑗𝑚𝑎𝑥

Equivalent ahead positions can be obtained as follows.
(𝑝𝑐𝑙𝑎 )𝑛=1..…𝑛𝑐 = [𝑚𝑜𝑑 ((𝑝𝑐𝑖𝑛𝑡 )𝑛=1..…𝑛 + 180 , 360) − 180
𝑐

where
(𝑝𝑐𝑖𝑛𝑡 )𝑛=1..…𝑛 = 𝑝𝑡𝑖 + ∆𝑙𝑎
𝑡 ∙(
𝑐

𝑛𝑐 − 𝑛 + 1
)
𝑛𝑐
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,

𝑝𝑒𝑖 ]

(4.8)

In Figure 4.7, the obstacle cannot be seen by a single equivalent ahead vector, now
it can be seen by using more than one equivalent look ahead position in Figure 4.8
and no-collision is guaranteed.

Figure 4.8. Illustration of 2 equivalent look ahead vectors

4.1.1.2

Adjoining obstacles

The Cartesian expression of the obstacles in the C-space causes the growth of small
obstacles, which causes a decrease in free space. Therefore, non-Cartesian obstacles
in C-space can be defined as side-by-side Cartesian obstacles to take up less space.
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Figure 4.9. Illustration of two adjoining obstacles
A few precautions have to be taken so that the obstacles next to each other would not
cause problems for the equivalent ahead positions. In the case shown on the left of
Figure 4.9, both look ahead positions interfered with the obstacles. Since one of them
touches the upper surface of the obstacle, deceleration is desired on the traverse axis
since the other one touches the side surface of another obstacle. In this case, the
system will start to slow down in both axes. To the right of the same figure, there are
two side by side obstacles at the same height. This situation can be experienced when
a large Cartesian based obstacle is found in 180° transition. Otherwise, a single
obstacle could be expressed instead of 2 obstacles anyway. In this case, the turret
will slow down on the rising axis and will be tangent to the obstacle.
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4.1.1.3

Low speed motion

While the turret is trying to avoid the obstacle, it passes tangential to the traverse
axes and then moves to a tangent position to the upper surfaces. Precautions should
be taken in order for the system to experience a problem similar to the local minimum
at the moment of full transition in low speed movements.

Figure 4.10. Illustration of two adjoining obstacles

As shown on the left side of Figure 4.10, when the turret starts the deceleration phase,
there is a distance ∆𝑎 that it can avoid. If this distance ∆𝑎 is less than height of
dynamic barrier of elevation axis (𝛿𝑒 ), the system will experience a local minimum.
This situation occurs during low speed movements.
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Figure 4.11. End of the avoiding phase

At low speeds, when the turret is at the end of the avoiding phase, local minimum is
experienced when the actual speed (𝜔𝑐′ ) is upward and the user speed command (𝜔𝑐 ))
is towards the obstacle, as in Figure 4.11. This situation, which occurs especially at
low speeds, is solved by updating the selection decision of the axis to be converged.
The symbol 𝑑𝑒 is the distance of the equivalent ahead position to the upper surface
of the obstacle and 𝑑𝑡 is the distance to the side axis to which it is close, shown in
Figure 4.5. In the normal case, where 𝑑𝑒 > 𝑑𝑡 , the turret will converge on the
traverse axis, otherwise it will converge to the elevation axis. However, since this
situation creates a local minimum problem for low speeds, the axis to be converged
will be selected according to the condition in Eq. (4.9) in order to avoid local
minimum problem. The value ε is so small and approximately can be selected as
10% of 𝛿𝑒 .
𝐶𝑜𝑛𝑣𝑒𝑟𝑔𝑇𝑜 = {

𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛, 𝑖𝑓 𝑑𝑒 < 𝑑𝑡 + 𝛿𝑒 + 𝜀
𝑇𝑟𝑎𝑣𝑒𝑟𝑠𝑒, 𝑖𝑓 𝑑𝑒 > 𝑑𝑡 + 𝛿𝑒 + 𝜀
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(4.9)

4.1.1.4

Emergency case

Some of the obstacles refer to hatches on the vehicle. These can be active or inactive
depending on the situation. While the turret is standing exactly where the hatch is, if
the hatch is opened, the obstacle will be active, so the current position of the turret
will remain inside the obstacle. If we express this situation as an emergency case,
then according to the lower-hang or upper-hang state of the obstacle, it will move
the current position to the safe zone as in Figure 4.12 by rising or depressing on the
elevation axis.

Figure 4.12. Emergency case
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4.1.2

Source codes

The main algorithm (Algorithm-4.1) starts by initializing kinematic parameters,
coordinates of the obstacles and 4 inputs; 𝜔𝑡 , 𝜔𝑒 , 𝑝𝑡𝑖 , 𝑝𝑒𝑖 which represent traverse and
elevation speed commands, instantaneous traverse and elevation positions,
respectively. Firstly, the number of equivalent look ahead vectors (𝑛𝑐 ) is calculated
and according to this number, all look ahead positions (𝑝𝑒𝑙𝑎 , 𝑝𝑒𝑙𝑎 , (𝑝𝑐𝑙𝑎 )𝑛=1..…𝑛𝑐 , 𝑝𝑖 ) are
obtained in Line 1. Then, control point matrices are calculated using the look ahead
positions obtained between Lines 2-11. The function named CollisionDet used in
Lines 3, 4, 5, 10 is given in detail in Algorithm-4.2. Converging axis of the system
is determined by processing control point matrices between Lines 12-22. The
function named ConvAxis used in Line 19 is given in detail in Algorithm-4.3. The
remaining Lines are for determining the action to be taken. Between Lines 23-27, it
is checked whether the system is in emergency state or not. Then, using the
converging axis and control point matrices, the velocity commands in both axes are
shaped. The function named SpeedShaper used between Lines 26-41 is given in
detail in Algorithm-4.4.
Algorithm-4.1: End Damping Algorithm
In: 𝜔𝑡 , 𝜔𝑒 , 𝑝𝑡𝑖 , 𝑝𝑒𝑖
Out: 𝜔𝑡′ , 𝜔𝑒′
1

𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝑛𝑐 , 𝑝𝑒𝑙𝑎 , 𝑝𝑒𝑙𝑎 , (𝑝𝑐𝑙𝑎 )𝑛=1..…𝑛𝑐 , 𝑝𝑖
initiate 𝜔𝑡′ 𝑝𝑟𝑒 = 𝜔𝑒′ 𝑝𝑟𝑒 = 𝑎𝑡′ 𝑝𝑟𝑒 = 𝑎𝑒′ 𝑝𝑟𝑒 = 0

2

for 𝑖 = 1 𝑡𝑜 𝑛𝑜 → 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑏𝑠𝑡𝑎𝑐𝑙𝑒𝑠

3

𝐸𝑙𝑣𝐶ℎ𝑘(𝑖) = 𝑪𝒐𝒍𝒍𝒊𝒔𝒊𝒐𝒏𝑫𝒆𝒕(𝑝𝑒𝑙𝑎 , 𝑂(𝑖))

4

𝑇𝑟𝑎𝐶ℎ𝑘(𝑖) = 𝑪𝒐𝒍𝒍𝒊𝒔𝒊𝒐𝒏𝑫𝒆𝒕 (𝑝𝑡𝑙𝑎 , 𝑂(𝑖))

5

𝐸𝑚𝑟𝑔𝐶ℎ𝑘(𝑖) = 𝑪𝒐𝒍𝒍𝒊𝒔𝒊𝒐𝒏𝑫𝒆𝒕 (𝑝𝑖 , 𝑂(𝑖))

6

for 𝑗 = 1 𝑡𝑜 𝑛𝑐 → 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑞𝑢. 𝑙𝑜𝑜𝑘 𝑎ℎ𝑒𝑎𝑑 𝑣𝑒𝑐𝑡𝑜𝑟𝑠

7

if (𝑖 ) 𝑖𝑠 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 ′𝐸𝑙𝑣𝐿𝑖𝑚𝑖𝑡𝑠 ′
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𝐸𝑞𝑢𝑖𝑣𝐶ℎ𝑘(𝑗, 𝑖) = 0;

8
9

𝐺𝑙𝑜𝑏𝑎𝑙𝐶ℎ𝑘(𝑗, 𝑖) = 0;

else

10

𝐸𝑞𝑢𝑖𝑣𝐶ℎ𝑘(𝑗, 𝑖) = 𝑪𝒐𝒍𝒍𝒊𝒔𝒊𝒐𝒏𝑫𝒆𝒕 ((𝑝𝑐𝑙𝑎 )𝑛=𝑗 , 𝑂(𝑖))

11

𝐺𝑙𝑜𝑏𝑎𝑙𝐶ℎ𝑘(𝑗, : ) = 𝐸𝑞𝑢𝑖𝑣𝐶ℎ𝑘(𝑗, : ) − 𝐸𝑙𝑣𝐶ℎ𝑘(𝑖) − 𝑇𝑟𝑎𝐶ℎ𝑘(𝑖)

12 if max(𝐺𝑙𝑜𝑏𝑎𝑙𝐶ℎ𝑘) == 1
13

𝑛 = # of the obsts. that equ. look ahead vectors collide with

14

if 𝑛 > 1 && 𝑐𝑎𝑠𝑒 𝑜𝑓 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑜𝑏𝑠𝑡𝑎𝑐𝑙𝑒𝑠 ℎ𝑎𝑣𝑒
𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑐𝑜𝑛𝑣𝑒𝑟𝑔𝑖𝑛𝑔 𝑎𝑥𝑖𝑠
𝐶𝑜𝑛𝑣𝑂𝑝𝑡 = 3;

15
16

else
𝑢 = select one of the obst. the combinations collide with

17

𝑒𝑞𝑢 = the equi. vectors intersects with obstacle '𝑢'
𝑛𝑒𝑞𝑢 = number of equi. vectors intersects with obstacle '𝑢'
for 𝑦 = 1 𝑡𝑜 𝑛𝑒𝑞𝑢

18
19
20

𝐴𝑥𝐶𝑜𝑛𝑣(𝑦) = 𝑪𝒐𝒏𝒗𝑨𝒙𝒊𝒔 ((𝑝𝑐𝑙𝑎 )𝑛=𝑒𝑞𝑢(𝑦) , 𝑂(𝑢))
𝐶𝑜𝑛𝑣𝑂𝑝𝑡 = max(𝐴𝑥𝐶𝑜𝑛𝑣) ;

21 else
22

𝐶𝑜𝑛𝑣𝑂𝑝𝑡 = 0;

23 if max(𝐸𝑚𝑟𝑔𝐶ℎ𝑘) == 1
24

find the obstacle that current position is inside

25

for lower-hang obs. 𝜔𝑒𝑚𝑟𝑔 = 𝜔𝑎 , otherwise 𝜔𝑒𝑚𝑟𝑔 = −𝜔𝑎 ;

26

[𝜔𝑡′ , 𝑎𝑡′ ] = 𝑺𝒑𝒆𝒆𝒅𝑺𝒉𝒂𝒑𝒆𝒓 (0, 𝜔𝑡′ 𝑝𝑟𝑒 , 𝑎𝑡′ 𝑝𝑟𝑒 , 𝑡𝑠 )

27

[𝜔𝑒′ , 𝑎𝑒′ ] = 𝑺𝒑𝒆𝒆𝒅𝑺𝒉𝒂𝒑𝒆𝒓 (𝜔𝑒𝑚𝑟𝑔 𝜔𝑒′ 𝑝𝑟𝑒 , 𝑎𝑒′ 𝑝𝑟𝑒 , 𝑡𝑠 )

28 else
29
30
31

if max(𝑇𝑟𝑎𝐶ℎ𝑘) == 1 | ConvOpt == 1 | ConvOpt == 3
[𝜔𝑡′ , 𝑎𝑡′ ] = 𝑺𝒑𝒆𝒆𝒅𝑺𝒉𝒂𝒑𝒆𝒓 (0𝜔𝑡′ 𝑝𝑟𝑒 , 𝑎𝑡′ 𝑝𝑟𝑒 , 𝑡𝑠 )
else
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[𝜔𝑡′ , 𝑎𝑡′ ] = 𝑺𝒑𝒆𝒆𝒅𝑺𝒉𝒂𝒑𝒆𝒓 (𝜔𝑡 𝜔𝑡′ 𝑝𝑟𝑒 , 𝑎𝑡′ 𝑝𝑟𝑒 , 𝑡𝑠 )

32

33 if max(𝑇𝑟𝑎𝐶ℎ𝑘) == 1
34

find the obstacle that traverse vector collides with

35

for lower-hang obs. 𝜔𝑎𝑣𝑜 = 𝜔𝑎 , otherwise 𝜔𝑎𝑣𝑜 = −𝜔𝑎 ;

36

[𝜔𝑒′ , 𝑎𝑒′ ] = 𝑺𝒑𝒆𝒆𝒅𝑺𝒉𝒂𝒑𝒆𝒓 (𝜔𝑎𝑣𝑜 𝜔𝑒′ 𝑝𝑟𝑒 , 𝑎𝑒′ 𝑝𝑟𝑒 , 𝑡𝑠 )

37 else
38
39
40
41

if max(𝐸𝑙𝑣𝐶ℎ𝑘) == 1 | ConvOpt == 2 | ConvOpt == 3
[𝜔𝑒′ , 𝑎𝑒′ ] = 𝑺𝒑𝒆𝒆𝒅𝑺𝒉𝒂𝒑𝒆𝒓 (0𝜔𝑒′ 𝑝𝑟𝑒 , 𝑎𝑒′ 𝑝𝑟𝑒 , 𝑡𝑠 )
else
[𝜔𝑒′ , 𝑎𝑒′ ] = 𝑺𝒑𝒆𝒆𝒅𝑺𝒉𝒂𝒑𝒆𝒓 (𝜔𝑒 , 𝜔𝑒′ 𝑝𝑟𝑒 , 𝑎𝑒′ 𝑝𝑟𝑒 , 𝑡𝑠 )

42 𝜔𝑒′ 𝑝𝑟𝑒 = 𝜔𝑒′ ; 𝜔𝑡′ 𝑝𝑟𝑒 = 𝜔𝑡′ ; 𝑎𝑒′ 𝑝𝑟𝑒 = 𝑎𝑒′ ; 𝑎𝑡′ 𝑝𝑟𝑒 = 𝑎𝑡′ ;
43 return 𝜔𝑡′ 𝑎𝑛𝑑 𝜔𝑒′

The Algorithm-4.2 checks whether a given point is inside a Cartesian based
rectangular shaped obstacle.
Algorithm-4.2: CollisionDet
In: 𝑝𝑖 , 𝑂1
Out: 𝑙𝑎𝑝𝐶ℎ𝑘
1 𝑇𝑟𝑎𝑀𝑎𝑥 = max(𝑂1 (: ,1)) ; 𝑇𝑟𝑎𝑀𝑖𝑛 = min(𝑂1 (: ,1)) ;
𝐸𝑙𝑣𝑀𝑎𝑥 = max(𝑂1 (: ,2)) ; 𝐸𝑙𝑣𝑀𝑖𝑛 = min(𝑂1 (: ,2)) ;
2 if 𝑝𝑖 (1,1) ≤ 𝑇𝑟𝑎𝑀𝑎𝑥 & 𝑝𝑖 (1,1) ≥ 𝑇𝑟𝑎𝑀𝑖𝑛 &&
𝑝𝑖 (1,2) ≤ 𝐸𝑙𝑣𝑀𝑎𝑥 & 𝑝𝑖 (1,2) ≥ 𝐸𝑙𝑣𝑀𝑖𝑛
3

𝑙𝑎𝑝𝐶ℎ𝑘 = 1

4 else → 𝑙𝑎𝑝𝐶ℎ𝑘 = 0 return 𝑙𝑎𝑝𝐶ℎ𝑘
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The Algorithm-4.3 checks whether a given point is close to the side or top surface of
a Cartesian based rectangular shaped obstacle, using the expression in Eq. (4.9), and
decides the converging axis accordingly.
Algorithm-4.3: ConvAxis
In: 𝑝𝑖 , 𝑂1
Out: 𝐴𝑥𝐶𝑜𝑛𝑣
1 𝑇𝑟𝑎𝑀𝑎𝑥 = max(𝑂1 (: ,1)) ; 𝑇𝑟𝑎𝑀𝑖𝑛 = min(𝑂1 (: ,1)) ;
𝐸𝑙𝑣𝑀𝑎𝑥 = max(𝑂1 (: ,2)) ; 𝐸𝑙𝑣𝑀𝑖𝑛 = min(𝑂1 (: ,2)) ;
2 𝑑𝑡 = min(|𝑇𝑟𝑎𝑀𝑎𝑥 − 𝑝𝑖 (1,1)|, |𝑇𝑟𝑎𝑀𝑖𝑛 − 𝑝𝑖 (1,1)| )
𝑑𝑒 = min(|𝐸𝑙𝑣𝑀𝑎𝑥 − 𝑝𝑖 (1,2)|, |𝐸𝑙𝑣𝑀𝑖𝑛 − 𝑝𝑖 (1,2)| )
3 if 𝑑𝑒 ≤ 𝑑𝑡 + 𝛿𝑒 + 𝜀
4

𝐴𝑥𝐶𝑜𝑛𝑣 = 2 (elevation)

5 else → 𝐴𝑥𝐶𝑜𝑛𝑣 = 1 (traverse)
6 return 𝐴𝑥𝐶𝑜𝑛𝑣

The Algorithm-4.4 enables the system to execute speed commands by complying
with the given acceleration and jerk limits by using all kinematic parameters. The
theoretical background of the algorithm used as a real time speed shaper is discussed
in detail in the reference [67]. Speed limits are also added to the algorithms
mentioned in this study. The symbols of 𝜔𝑐 , 𝜔𝑐′ , 𝜔𝑐′ 𝑝𝑟𝑒 , 𝑎𝑐′ and 𝑎𝑐′ 𝑝𝑟𝑒 represent the
instant raw speed command, shaped speed command, previous shaped speed
command, acceleration command and previous acceleration command, respectively.
Also, the symbols of 𝜔𝑐𝑚𝑎𝑥 , 𝑎𝑐𝑚𝑎𝑥 and 𝑗𝑐𝑚𝑎𝑥 present the maximum allowable speed,
maximum allowable acceleration and maximum allowable jerk of the related axis,
respectively. For simplicity, the maximum acceleration and deceleration limits, plus
and minus jerk values are shown with the same symbol. An example speed planning
is made by using Algorithm-4.4 as in Figure 4.13. As can be seen from the example,
the 60°/𝑠 speed command is shaped by adhering to the specified speed, acceleration
and jerk limits which are 57.3°/𝑠 , 114.6°/𝑠 2 and 343.8°/𝑠 3 , respectively.
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Algorithm-4.4: SpeedShaper
In: 𝜔𝑐 , 𝜔𝑐′ 𝑝𝑟𝑒 , 𝑎𝑐′ 𝑝𝑟𝑒 , 𝑡𝑠
Out: 𝜔𝑐′ , 𝑎𝑐′
1

if 𝜔𝑐 > 𝜔𝑐𝑚𝑎𝑥

2

𝜔𝑐 = 𝜔𝑐𝑚𝑎𝑥

3

elseif 𝜔𝑐 < −𝜔𝑐𝑚𝑎𝑥

4

𝜔𝑐 = −𝜔𝑐𝑚𝑎𝑥

5

𝜔𝑑𝑖𝑓 = 𝜔𝑐′ 𝑝𝑟𝑒 − 𝜔𝑐
𝑑 = 𝑗𝑚𝑎𝑥 ∙ 𝑡𝑠2 𝑎𝑖 = 𝑡𝑠 ∙ 𝑎𝑐′ 𝑝𝑟𝑒 , 𝑦 = 𝑎𝑖 + 𝜔𝑑𝑖𝑓
𝑎1 = √𝑑 ∙ (𝑑 + 8|𝑦|), 𝑎2 = 𝑎𝑖 + 𝑠𝑔𝑛(𝑦) ∙
𝑠𝑦 =
𝑠𝑎 =

𝑎1 −𝑑
2

𝑠𝑔𝑛(𝑦+𝑑)−𝑠𝑔𝑛(𝑦−𝑑)
2

, 𝑎 = (𝑎𝑖 + 𝑦 − 𝑎2 ) ∙ 𝑠𝑦 + 𝑎2

𝑠𝑔𝑛(𝑎 + 𝑑) − 𝑠𝑔𝑛(𝑎 − 𝑑)
2

6

𝑎
𝑗𝑐 = −𝑗𝑐𝑚𝑎𝑥 ∙ 𝑠𝑎 ( − 𝑠𝑔𝑛(𝑎)) − 𝑗𝑐𝑚𝑎𝑥 ∙ 𝑠𝑔𝑛(𝑎)
𝑑

7

𝑑𝑎 = 𝑗𝑐 ∙ 𝑡𝑠 , 𝑎𝑐′ = 𝑎𝑐′ 𝑝𝑟𝑒 + 𝑑𝑎

8

if 𝑎𝑐′ > 𝑎𝑐𝑚𝑎𝑥

9

𝑎𝑐′ = 𝑎𝑐𝑚𝑎𝑥

10 elseif 𝑎𝑐′ < −𝑎𝑐𝑚𝑎𝑥
11

𝑎𝑐′ = −𝑎𝑐𝑚𝑎𝑥

12 𝑑𝜔 = 𝑎𝑐′ ∙ 𝑡𝑠
13 𝜔𝑐′ = 𝜔𝑐′ 𝑝𝑟𝑒 + 𝑑𝜔
14 return 𝜔𝑐′ , 𝑎𝑐′
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Figure 4.13. Sample speed shaping

After the speed command is shaped according to the desired limits, another important
point is to calculate the stopping distance of an axis whose instantaneous velocity
and acceleration are known. In the model where the speed is trapezoidal, the
acceleration is step, the jerk is infinite, the stopping distance can be easily calculated
as

(𝜔𝑐′ )

2

2𝑎𝑐𝑚𝑎𝑥

which depends only on instant speed. However, in the model where

acceleration is trapezoidal and jerk is step, the stopping distance is calculated as in
Eq. (4.12) which depends not only on instant speed and also on instant acceleration.
When instantaneous velocity is shown as 𝜔0 and instantaneous acceleration is shown
as 𝑎0 , the change in velocity is calculated as in Eq. (4.10) to set the instantaneous
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acceleration to zero. After the instantaneous acceleration is reset, the acceleration
required to reset the instantaneous velocity is calculated as in Eq. (4.11).
𝑎02
𝜔𝑖 = 𝑠𝑔𝑛(𝑎0 )
2𝑗

𝑎𝑥 =

−𝑠𝑔𝑛(𝜔0 )

√2𝑎02 + |4𝑗𝜔0 |
,
2

𝑠𝑔𝑛(𝜔0 ) == 𝑠𝑔𝑛(𝜔0 + 𝜔𝑖 )

(4.10)

(4.11)

{−𝑠𝑔𝑛(𝜔0 + 𝜔𝑖 )√|𝑗(𝜔0 + 𝜔𝑖 )|, 𝑠𝑔𝑛(𝜔0 ) ≠ 𝑠𝑔𝑛(𝜔0 + 𝜔𝑖 )

The stooping distance of an axis whose instantaneous velocity and acceleration are
given as 𝜔0 and 𝑎0 is obtained as in Eqs. (4.13) and (4.14) according to the
conditions in Eq. (4.12). The symbols 𝑎𝑚𝑎𝑥 and 𝑗 denote acceleration and jerk limits,
respectively.
𝑑 , 𝑎
≤ |𝑎𝑥 |
𝑺𝒕𝒐𝒑𝑫𝒊𝒔(𝜔0 , 𝑎0 ) = { 1 𝑚𝑎𝑥
𝑑2 , 𝑎𝑚𝑎𝑥 > |𝑎𝑥 |

(4.12)

𝑑1 = 𝐵1 + 𝐵2

(4.13)

𝑎03 − 3𝑎02 𝑎𝑥 + 3𝑗𝜔0 𝑎0 𝐴4 + 3𝑎𝑥3 − 6𝑗𝜔0 𝑎𝑥 𝐴4
3𝑗 2

(4.14)

4
𝑠𝑔𝑛(𝜔0 )(𝑎𝑚𝑎𝑥
+ 6𝑗𝜔0 𝐴1 𝑎𝑚𝑎𝑥 + 6𝑗𝑎𝑜 𝐴1 𝐴3 − 3𝑗𝐴23 )
6𝑗 2 𝑎𝑚𝑎𝑥

(4.15)

(6𝑗 2 𝜔0 𝐴3 − 6𝑗 2 𝐴3 𝐴2 + 3𝑎0 𝐴12 𝑎𝑚𝑎𝑥 − 𝐴13 𝑎𝑚𝑎𝑥 )
6𝑗 2 𝑎𝑚𝑎𝑥

(4.16)

𝑑2 =

where
𝐵1 =

𝐵2 =
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𝐴1 = 𝑎0 + 𝑎𝑚𝑎𝑥 𝑠𝑔𝑛(𝜔0 )

𝑠𝑔𝑛(𝜔0 )𝐴12
2𝑗

(4.18)

2
) + 2𝑗𝜔0 − 2𝑗𝐴2
𝑠𝑔𝑛(𝜔0 )(2𝑎0 𝐴1 − 𝑎𝑚𝑎𝑥
|
2𝑗

(4.19)

𝐴2 =

𝐴3 = |

𝐴4 = 𝑠𝑔𝑛(𝜔0 + 𝜔𝑖 )

4.2

(4.17)

(4.20)

Simulation

A number of simulations are conducted to examine the algorithm's performance and
behavior under different conditions. First, the worst conditions, then the behavior
under different constant speed commands and custom noisy signals are examined.

4.2.1

Simulation of the Worst Cases

Handling all worst scenarios as possible is critical for the robustness of the algorithm.
We can examine the worst scenarios that may occur in such systems under 4
subtitles. The precautions taken for these subtitles will play a role in shaping the
frame of the algorithm.

4.2.1.1

Narrow width obstacles

It is stated that a single equivalent ahead position would not be sufficient for Narrow
width obstacles. In Figure 4.14, such a situation is examined and the effect of
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different 𝑛𝑐 on obstacle avoidance is shown. If only one equivalent ahead position is
used as in the upper figure of Figure 4.14, the collision occurred because the turret
could not see the obstacle after a while. However, when the 𝑛𝑐 number is calculated
according to the Eq. (4.7) and the operations are done accordingly, as it can be seen
from the lower figure of Figure 4.14, the collision did not occur because the turret
always sees the obstacle with the help of 3 equivalent look ahead positions.

Figure 4.14. The effect of the number of nc on avoiding the narrow width obstacles
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4.2.1.2

Adjoining obstacles

It was critical as some action was required on both axes to overcome adjacent
obstacles. In Figure 4.15, when 57.3°/𝑠 speed command is given to both axes, the
results in case of double-acting active and inactive are given. Accordingly, by
performing double-acting, the system cannot allow any collision in this case either.

Figure 4.15. The effect of proposed solution for adjoining obstacles
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4.2.1.3

Low speed motion

In the worst cases section, it is mentioned that low speed movements cause local
minimum and precautions are taken for this. The effect of the precautions taken can
be seen in the simulation as in Figure 4.16. While the precautions are inactive, in the
case of sending 1°/𝑠 speed commands to both axes, the system encounters the local
minimum and cannot avoid the obstacle, but with the proposed solution, the obstacle
is avoided without experiencing any local minimum problem as it can be seen in
Figure 4.16.

Figure 4.16. The effect of proposed solution for low speed motions
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4.2.1.4

Emergency case

If the current position of the turret remains within the boundaries of the obstacle, the
turret moves out of the obstacle by either ascending or descending on the elevation
axis depending on the position of the obstacle. In Figure 4.17, although the user sends
zero speed commands to both axes, the turret rises until it reaches a safe area and
then stops.

Figure 4.17. Moving out of the obstacle by ascending
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4.2.2

Simulations with Different Step Speed Commands

In order to measure the performance of the system under different speeds,
simulations are run by giving the following 7 different speed commands. While
constant commands are given to the traverse axis, the speed commands for the
elevation axis are created in the form of steps in order to avoid upper and lower-hang
obstacles.

Figure 4.18. Speed commands of both axes
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To show that the speed, acceleration and jerk limits are working successfully, for
both axes they are limited to the values 57.3°/𝑠, 114.6°/𝑠 2 and 344°/𝑠 3 ,
respectively. The first 5 seconds of the test performed at 57.3°/𝑠 speed given in
Figure 4.18 is examined as in Figure 4.19. As can be seen in the graphs, the velocity,
acceleration and jerk values in the axes are within the limits. The regions where the
jerk values exceed the limits are generally the regions where the speed is close to
zero. In these areas, friction is quite disruptive and a stick-slip effect is seen.

Figure 4.19. The changes of velocity, acceleration and jerk of both axes (for
344°/s3 jerk limit)
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For the rest of the tests, the velocity, acceleration and jerk values of both axes are
limited to the values 57.3°/𝑠, 114.6°/𝑠 2 and 2000°/𝑠 3 , respectively. The jerk value
is kept quite high to increase the stabilization performance of the turret. The first 5
seconds of the test performed at 57.3°/𝑠 speed given in Figure 4.18 is examined as
in Figure 4.20. As can be seen in the graphs, the velocity, acceleration and jerk values
in the axes are within the limits.

Figure 4.20. The changes of velocity, acceleration and jerk of both axes (for
2000°/s3 jerk limit)
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The results obtained by giving the speed commands in Figure 4.18 are as in Figure
4.21. As can be seen, in all of the simulations made with 7 different speeds, the turret
does not collide with the obstacles and continues its movement. When positive speed
commands are given to the traverse axis, the turret approaches all obstacles from
their left.

Figure 4.21. Actual position trajectories of turret for 7 different speed commands

In order to see the circumference of the upper two adherent obstacles seen in Figure
4.21, a zoomed view is given in Figure 4.22. As mentioned, while explaining the
algorithm, the radius formed at different speeds under the same acceleration is
different and this radius increases as the speed increases.
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Figure 4.22. Actual position trajectories of turret for 7 different speed commands

To show how the speed commands given according to the obstacles and acceleration
limits are shaped by the algorithm, the results with only 20°/𝑠 are given in Figure
4.23. The shaped speed commands are applied to the system.
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Figure 4.23. Speed commands and shaped speed commands of two axes for 20°/s

When the speed commands in Figure 4.18 are given, the turret approaches all
obstacles from their left. In order to test the obstacles from their right, the elevation
speed commands in Figure 4.18 are kept the same and only the traverse axis speed
commands are given as negative and the tests are repeated. In this case, the turret
does not collide with any obstacles.
In order to see the circumference of the upper two adherent obstacles seen in Figure
4.24, the zoomed view is given in Figure 4.25.
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Figure 4.24. Actual position trajectories of turret for 7 different speed commands

Figure 4.25. The circumference of the upper two adjoining obstacles for negative
traverse speed command
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To show how the speed commands given according to the obstacles and acceleration
limits are shaped by the algorithm, the results with only −20°/𝑠 are given in Figure
4.26.

Figure 4.26. Speed commands and shaped speed commands of two axes for -20°/s
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4.2.3

Simulations with Noisy Custom Speed Commands

In order to see the performance of the algorithm under the noisy speed commands,
the following custom noisy speed commands are given to the traverse and elevation
axes and the simulation is run. This speed command is obtained by adding bandlimited white noise to the custom speed command created by combining different
speeds. The noise power of band-limited white noise (the height of the power spectral
density (PSD) of the white noise) is selected as 0.1, the sample time as 0.01 and the
seed as 23341, and the output of this noise signal is limited to ±5°/s and added to the
speed command. Thus, the robustness of the algorithm can be tested. Because speed
commands from the user or controller can be noisy.

Figure 4.27. Noisy speed commands
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The result obtained by giving speed commands in Figure 4.27 is as in Figure 4.28.

Figure 4.28. Actual position trajectories for custom noisy speed commands
In order to see the circumference of the upper two adherent obstacles in Figure 4.28,
a zoomed view is given in Figure 4.29.

Figure 4.29. The circumference of the upper two adjoining obstacles for custom
noisy speed commands.
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4.2.4

Simulation of Position Control for Path Planning

It is possible to transform the collision avoidance algorithm into a path planning
algorithm by adding a position loop in the form of a cascade as shown in Figure 4.2
on the same algorithm. Position trajectories between 4 different target points from
the same starting point without collision are shown in the Figure 4.30. Accordingly,
to go to the target, firstly the clockwise (CW) or counterclockwise (CCW) direction
is determined and then the target is reached without collision. Here the goal is not
the minimum time or path, but a simple and uncomplicated position control.

Figure 4.30. Some path planning examples in simulation
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4.3

Experiments

A number of experiments are conducted to examine the algorithm's performance and
behavior under different conditions in real-time. First, the worst conditions, then the
behavior under different constant speed commands and custom noisy signals are
examined. The tests are conducted on the stabilized remote-controlled gun turret
system given in Figure 4.31. As mentioned, the system consists of two axes and each
axis has a servo system. The algorithm is implemented to shape the speed reference
only, without interfering with the speed / torque loops. All the obstacles used in the
simulation are also defined in the real-time system and tests are carried out as if there
are obstacles around the turret.

Figure 4.31. Test bench with 6-DOF Stewart platform and a stabilized remotecontrolled gun turret system
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4.3.1

Experiments of the Worst Cases

The worst cases are tested in the simulation. Later, the worst cases are created on a
real-time system and the response of the system is observed.

4.3.1.1

Narrow width obstacles

It is stated that a single equivalent ahead position would not be sufficient for narrow
width obstacles. The width of the obstacle defined in Figure 4.32 is 5°. When the
maximum possible speed of the system is 57.3°/𝑠, the maximum deceleration is
114.6°/𝑠 2 and the maximum jerk is 2000°/𝑠 3 , the minimum equivalent ahead
position number (𝑛𝑐 ) that should be used according to Eq. (4.7) is 3. Accordingly,
two different tests are carried out and maximum speed commands (57.3°/𝑠) are sent
in two axes since it is aimed to test the worst case. The initial positions of the turret
are chosen differently to converge to different axes. In either case, the turret did not
hit the obstacle as expected.

Figure 4.32. Real-time test of narrow width obstacle
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4.3.1.2

Adjoining obstacles

It was critical as some action was required on both axes to overcome adjacent
obstacles. Figure 4.33 shows the results when double-acting is active and 57.3°/𝑠
speed command is sent to both axes. Accordingly, by performing double-acting in
real-time tests, the system cannot allow any collision in this case.

Figure 4.33. Real-time test of adjoining obstacles
4.3.1.3

Low speed motion

In the worst cases section, it is mentioned that low speed movements cause local
minimum and precautions are taken for this. While the precautions are active, in the
case of sending 1°/𝑠 speed commands to both axes, the system did not encounter the
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local minimum and avoided the obstacle with the proposed solution as seen in Figure
4.34.

Figure 4.34. Real-time test of low speed motion

4.3.1.4

Emergency case

In the test, which is carried out with the current position of the turret inside the
obstacle, the turret rose to a safe area and stopped despite zero speed commands as
seen in Figure 4.35.
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Figure 4.35. Real-time test of emergency case

4.3.2

Experiments with Different Step Speed Commands

In order to see the performance of the system under different speeds in real-time
tests, tests are carried out by giving the same speed commands used for the
simulations in Figure 4.18. While constant commands are given to the traverse axis,
the speed commands for the elevation axis are created in the form of steps in order
to avoid upper and lower-hang obstacles. The results obtained by giving the speed
commands in Figure 4.18 are as in Figure 4.36. As can be seen, in all of the
simulations made with 7 different speeds, the turret does not collide with the
obstacles and continues its movement. When positive speed commands are given to
the traverse axis, the turret approaches all obstacles from their left.
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Figure 4.36. Actual position trajectories of turret for 7 different speed commands in
real-time tests

In order to see the circumference of the upper two adherent obstacles seen in Figure
4.36, a zoomed view is given in Figure 4.37. As mentioned, while explaining the
algorithm, the radius formed at different speeds under the same acceleration is
different and this radius increases as the speed increases.
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Figure 4.37. The circumference of the upper two adjoining obstacles for positive
traverse speed command in real-time tests

To show how the speed commands given according to the obstacles and acceleration
limits are shaped by the algorithm, the results with only 20°/𝑠 are given in Figure
4.38. The shaped speed commands are applied to the system. While real-time speeds
are taken from the gyroscope on the system, the positions are read from the absolute
encoders in both axes.
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Figure 4.38. Speed commands and actual speed of two axes for 20°/s speed
commands in real-time tests

When given the speed commands in Figure 4.18, the turret approaches all obstacles
from their left. In order to test the approach of obstacles from their right, the elevation
command in Figure 4.18 is kept the same and only the traverse axis commands are
given as negative and then the tests are repeated. In this case, the turret did not collide
with any obstacles. In order to see the circumference of the upper two adherent
obstacles seen in Figure 4.39, a zoomed view is given in Figure 4.40.
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Figure 4.39. Actual position trajectories of turret for 7 different speed commands in
real-time tests

Figure 4.40. The circumference of the upper two adjoining obstacles for negative
traverse speed command in real-time tests
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To show how the speed commands given according to the obstacles and acceleration
limits are shaped by the algorithm, the results with only −20°/𝑠 are given in Figure
4.41.

Figure 4.41. Speed commands and actual speed of two axes for -20°/s speed
commands in real-time tests
4.3.3

Experiments with Noisy Custom Speed Commands

In order to see the performance of the algorithm under the noisy speed commands in
real-time, the custom noisy speed commands in Figure 4.27 are given to the traverse
and elevation axes and tests are carried out. The results obtained after the test are as
in Figure 4.42. In order to see the circumference of the upper two adherent obstacles
seen in Figure 4.42, the zoomed view is given in Figure 4.43.
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Figure 4.42. Actual position trajectories for custom noisy speed commands in realtime tests

Figure 4.43. The circumference of the upper two adjoining obstacles for custom
noisy speed commands in real-time tests
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4.3.4

Experiments of Position Control for Path Planning

As explained in the simulation part in Section 3.4, position control is also performed
with the same algorithm. Thus, it is possible to make a road plan without collisions
between two different locations. The location control verified on the simulation is
also verified with the help of experiments. Real time position trajectory without
collision between 4 different target points from the same starting point is shown in
Figure 4.44. Accordingly, to go to the target, firstly the CW or CCW direction is
determined and then the target is reached without collision.

Figure 4.44. Some path planning examples in real-time test
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4.4

Collision Avoidance for Multiple Turret System

Collision free manual driving of the single turret is explained in detail in Section 4.1.
A collision avoidance algorithm for manual driving has been proposed and validated
by simulations and real-time tests. The simulation and real-time test results of the
proposed algorithm for manual driving of the single turret are explained in sections
4.2 and 4.3, respectively. We can transform the work done for a single turret into a
form that can be applied to multiple turrets in 2 different ways. One of the options is
to select the turret that will be driven manually among multiple turrets as the master,
and the other turrets that will remain stationary, to choose the slave. Another option
is to have all turrets driven manually at the same time.

4.4.1

Choosing Master and Slaves

The double turret in Figure 2.14 can be taken as an example. First of all, the 4-D
configuration space of the double turret is obtained as in Figure 2.15 and Figure 2.16
which consist all configurations of double-turret system. By using the existing
traverse and elevation positions of the turret selected as slave, the 2-D section of the
4-D configuration space is taken and the instant 2-D configuration space of the
master turret is obtained. Turret-2 is selected as the master and if the elevation and
traverse angles of the turret-1 are taken as 16 and 120 degrees, respectively, the
configuration space of the turret-2 is as in Figure 4.45.
After the 2-D space of the turret-2 is obtained, grid-based obstacles in space must be
grouped and transformed into rectangular shaped obstacles. By using the Algorithm4.5, obstacles in a given configuration space can be grouped and a rectangle covering
the grouped obstacles can be obtained.
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Figure 4.45. C-space of turret-2 while elevation and traverse angles of turret-1 are
16° and 120°, respectively.

The ObstacleGrouping algorithm (Algorithm-4.5) starts by initializing 6 inputs;
𝑀𝐴𝑃2𝐷, 𝑛𝑜 , 𝑠𝑑 , 𝑔𝑠 , 𝑈𝐿, 𝐿𝐿 which represent 2-D configuration space, number of
obstacles, safe distance given as grid, increase in safe distance, upper limit of
elevation axis and lower limit of elevation axis, respectively. Firstly, empty 𝑛𝑜 elements 𝑂𝑏𝑠 and 𝑠𝑡𝑎𝑡𝑢𝑠 arrays are created in Line-1. The while loop is then started
and returned until success is achieved. In Line-3, the coordinates of disabled nodes
in the given MAP2D configuration space are assigned to p. Next, an inner while loop
is started that satisfies the condition p is not empty in Line-4. In line-5, the first
element of p array is assigned to k and equal to u. Again, another inner while loop is
started that satisfies the condition k is not empty in Line-6. Between Line-7 and Line8, the first element of k is assigned to 𝑓𝑘 and this element is removed from the array
k. The neighbors within 𝑠𝑑 distance from 𝑓𝑘 node are assigned to z in Line-9.
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Between Line-10 and Line-14, the elements in z that have the element of p are added
to the queue of k and u arrays and the first element of the array k is removed. When
there are no more elements to be removed in array k, all the elements in the u array
are added as a group to the y set as an obstacle group, and the number of obstacle
groups found (o) is increased by one in Line-15. If the total number of obstacle
groups is set as 𝑛𝑜 and two of them are reserved for the upper and lower limit of the
elevation axis (UL, LL) which are defined in Line-22, the allowed additional obstacle
number is (𝑛𝑜 − 2). The condition of "if statement" in Line-16 breaks the while loop
if the number "o" is greater than (𝑛𝑜 − 1), since the number "o" is already
incremented in an upper Line. If there is no remaining element in the p array between
Line-17 and Line-18 and the number of obstacle groups found (o) is equal to or
greater than (𝑛𝑜 − 1), this loop is successful and the top while loop ends. If it is not
successful, the safe distance (𝑠𝑑 ) is increased by the grid step (𝑔𝑠 ) and the while
loops are repeated. Between Line-19 and Line 20, the obstacle sets found are
surrounded by a minimum axis-aligned rectangle. Then these rectangles are
connected to that axis whichever is closer to the upper or lower limits of the elevation
axis. Between Line-23 and Line-24, the status of the obstacles is determined by
looking at the areas of the rectangles surrounding them. Finally, full 𝑛𝑜 -elements
𝑂𝑏𝑠 and 𝑠𝑡𝑎𝑡𝑢𝑠 arrays are obtained in Line-25.
Algorithm-4.5: ObstacleGrouping
In: 𝑀𝐴𝑃2𝐷, 𝑛𝑜 , 𝑠𝑑 , 𝑔𝑠 , 𝑈𝐿, 𝐿𝐿
Out: 𝑂𝑏𝑠(𝑛𝑜 ), 𝑠𝑡𝑎𝑡𝑢𝑠(𝑛𝑜 )
1

𝑠𝑢𝑐𝑐𝑒𝑠𝑠 = 0 , 𝑂𝑏𝑠 = 𝑧𝑒𝑟𝑜𝑠(𝑛𝑜 ), s𝑡𝑎𝑡𝑢𝑠 = 𝑧𝑒𝑟𝑜𝑠(𝑛𝑜 ),

2

while 𝑠𝑢𝑐𝑐𝑒𝑠𝑠 = 0

3

𝑝 = 𝑓𝑖𝑛𝑑(𝑀𝐴𝑃2𝐷 == 1) , 𝑜 = 1

4

while 𝑝 𝑖𝑠 𝑛𝑜𝑡 𝑒𝑚𝑝𝑡𝑦

5

k ← assign first element of p array, 𝑢 = 𝑘

6

while k 𝑖𝑠 𝑛𝑜𝑡 𝑒𝑚𝑝𝑡𝑦

7

𝑓𝑘 ← assign first element of k array

8

delete 𝑓𝑘 from k array
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9

𝑧 = 𝒇𝒊𝒏𝒅𝑵𝒆𝒊𝒈𝒉𝒃𝒐𝒓(𝑓𝑘 , 𝑠𝑑 )

10

for 𝑖 = 1 𝑡𝑜 [(2𝑠𝑑 + 1)2 − 1] → 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟𝑠

11

if 𝑖 𝑡ℎ element of z (𝑧𝑖 ) ∈ 𝑝

12

𝑧𝑖 element is added to the queue of k and u arrays

13

𝑧𝑖 element is deleted from p array

14

delete first element of k array

15

𝑦{𝑜} = 𝑢; 𝑜 = 𝑜 + 1;

16

if 𝑜 ≥ (𝑛𝑜 − 1) → 𝒃𝒓𝒆𝒂𝒌;

17

if 𝑜 ≥ (𝑛𝑜 − 1) & (𝑝 𝑖𝑠 𝑒𝑚𝑝𝑡𝑦) → 𝑠𝑢𝑐𝑐𝑒𝑠𝑠 = 1;

18

else → 𝑠𝑑 = 𝑠𝑑 + 𝑔𝑠 ;

19 for 𝑗 = 1 𝑡𝑜 𝑜𝑓 𝑜𝑏𝑠𝑡𝑎𝑐𝑙𝑒𝑠 𝑖𝑛 𝑓𝑜𝑢𝑛𝑑 (𝑦)
20

𝑂𝑏𝑠𝑡𝑒𝑚𝑝(𝑗) = 𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 (𝑦{𝑗})

21

𝑂𝑏𝑠(𝑗) =Link the 𝑂𝑏𝑠𝑡𝑒𝑚𝑝(𝑗) to the upper or lower limit (UL, LL)

22 𝑂𝑏𝑠(𝑛𝑜 − 1) = 𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 (𝑈𝐿), 𝑂𝑏𝑠(𝑛𝑜 ) = 𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 (𝐿𝐿)
23 for 𝑟 = 1 𝑡𝑜 𝑛𝑜 → # 𝑜𝑓 𝑜𝑏𝑠𝑡𝑎𝑐𝑙𝑒𝑠
24

if 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑂𝑏𝑠(𝑟) ≠ 0 → 𝑠𝑡𝑎𝑡𝑢𝑠(𝑟) = 1

25 return 𝑂𝑏𝑠 𝑎𝑛𝑑 𝑠𝑡𝑎𝑡𝑢𝑠

As can be seen roughly in Figure 4.45, there are 6 obstacles in total, one for each of
the upper and lower limits. If we want to group the obstacles on the map in Figure
4.45 using the ObstacleGrouping algorithm, it is necessary to first determine how
many obstacles can be defined at most. If this number is 6 and above, the obstacles
are obtained as in Figure 4.46. The obstacle groups that occur when we reduce the
number of obstacles allowed one by one are given in order as shown in Figure 4.47,
Figure 4.48 and Figure 4.49.
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Figure 4.46. Grouping of the obstacles for no is equal or greater than 6

Figure 4.47. Grouping of the obstacles for no is equal to 5
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Figure 4.48. Grouping of the obstacles for no is equal to 4

Figure 4.49. Grouping of the obstacles for no is equal to 3

153

To test the master-slave option for the double-turret system, the simulation model of
the system was created using MATLAB®-Adams® Control as shown in Figure 4.50.
Details of decision block are given in Figure 4.51.

Figure 4.50. MATLAB®-Adams® Control model of double-turret system

Figure 4.51. Inside of Decision Block (Master-Slave)
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The traverse and elevation angles of the Turret-1 were kept 120 and 16 degrees,
respectively, and the Turret-2 was chosen and driven as the master. The number of
obstacles allowed is 6. In this case, the obstacles will be grouped as in Figure 4.46.
The initial angles of the traverse and elevation axes of Turret-2 were selected as 200
and 21 degrees, respectively, and the speed commands of 60°/𝑠 and -60°/𝑠 were
given to the traverse and elevation axes, as in Figure 4.50, and the simulation was
run for 18 seconds. Accordingly, the movement of Turret-2 in C-space is as follows.
As a result, no collision has occurred.

Figure 4.52. The movements of Turret-2 on the given C-space

4.4.2

Instant Multi-driving

In section 4.4.1, manual driving by selecting one of the multi-turret systems as a
master is discussed. Master slave changes can be made if desired. Thus,
instantaneous high calculations are avoided. However, in systems where calculation
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times are not limited and with high processing power, multiple turrets can be driven
manually together. In this case, instead of selecting a master slave, it is necessary to
obtain the instantaneous configuration space of another using the position of one
turret, then group the obstacles in this space. Once these are done, the problem will
be as described in section 4.4.1.

4.5

Conclusion

Within the scope of this work, a new collision avoidance algorithm is proposed for
a more efficient and safe use of all types of turret systems. With the help of this
algorithm, the speed and position requests from the user can be responded according
to the specified speed, acceleration and jerk limits. Obstacles with the possibility of
collision are avoided within the framework of these limits. Even in situations such
as avoiding obstacles, deceleration and acceleration, if the commands new to the user
do not cause a collision, the algorithm starts to apply the new commands which
provides flexibility to the user. In addition, possible worst scenarios for turret
systems are determined one by one, and the efficiency of the algorithm in these worst
scenarios and its overcoming is shown by both simulations and real-time tests. Later,
a C-space where worst scenarios can occur is created for the performance
measurement of the algorithm, and the same space is used in all tests. By giving
different speed commands in the specified C-space, the performance of the algorithm
at different speeds is observed on the stabilized gun turret system both in simulations
and real time tests. For the measurement of the performance under the noisy speed
commands, a custom noisy speed command of about 1000 seconds is created and
both simulation and real-time tests are performed. As a result of these tests, it is
shown that there is no collision. Finally, by controlling the position, the departure
from the starting point to the desired target point is achieved without any collision.
The most important feature that distinguishes this algorithm from the others is that
both speed and position can be controlled and during transition phase, the target point
can be changed instantly. The algorithm can be integrated into turrets of all sizes,
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robotic systems with minimal or no change. Since the Algorithm does not intervene
in the speed and torque loops in contrast to potential field-based methods, it can be
added to ready-to-use systems by manipulating only the speed references. It is
obvious that this will provide a great advantage. Since most obstacle avoidance
algorithms on the market are potential field based, even the torque loop needs to be
intervened, it is not possible to do this in closed box systems. This is the biggest
increase of the algorithm that is propagated.
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CHAPTER 5

5

SUMMARY AND CONCLUSION

In the first part of this study, the developed approach with two different methods to
obtain high-dimensional configuration space is explained in detail where one of the
methods is obtaining by using point clouds and the second one is using only
simulation software. These two methods produce a 4-D configuration space for a
double-turret device, which can be used to verify the process and compare methods.
As a result, the difference between these two methods is around 1%, depending on
the density of the point cloud. The disparity between the two forms steadily decreases
as the point cloud density increases. By the way, the first method is 8.1 times more
effective than the second, which is one of the first method's advantages. The
requirement to build a point cloud for each component is seen as a drawback of the
first method. For the second method, however, 3-D cad models of parts and
appropriate input profiles are all that is needed to complete the study. Using the
previously obtained 4-D configuration space, a sample path planning with the A*
algorithm was created at the end of the analysis.
In the second part of this study, a 4-D path planning algorithm is proposed which
attempts to search a path on three different types of C-Spaces named as rectangular,
circular and torus shaped in three converging options which are fast, medium and
optimum depending on the application. So that, a collision free motion planning can
be carried out for double-turret system operating in a common workspace. After
obtaining 4-D C-space of double-turret system by using the method studied in first
part, with the help of the proposed algorithm, 4-D path planning problem was
realized as 2-D + 2-D by using six sequences and their options. The sequence and
options of these sequences are given in an acceptable order thanks to random
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simulations, and the proposed algorithm is also tested on different input/output
combinations. A sample path planning was created to test the algorithm's output and,
as a result, the converging options. The results obtained for three different
converging options were simulated on the model of the double-turret system and it
was observed that there was no collision between any bodies.
Thus, using this 4-D path planning algorithm, aligned multiple turrets in the same
environment or any aligned multiple systems with two degrees of freedom each can
work without colliding with each other. With this study, more turrets can be
integrated on a single platform for military applications. Also, since manual aiming
tasks of multiple-turret system will be autonomous, operation time will be seriously
reduced and collision risk will disappear. In addition, the mobility of the system due
to its full rotational axes will be preserved by using circular and torus shaped CSpaces.
In the last part of this study, manual driving of multiple-turret system is studied. A
new collision avoidance algorithm named “End Damping Algorithm” is proposed
for a manual driving of turrets. The user's speed and position requests can be
responded to using this algorithm based on the given speed, acceleration, and jerk
limits. Obstacles that have the potential to collide are avoided under these
parameters. Furthermore, potential worst-case scenarios for turret systems are
identified one by one, and the algorithm's efficiency in resolving these worst-case
scenarios is demonstrated by simulations and real-time tests. The algorithm's output
is then evaluated using a C-space, which simulates the worst-case scenarios. These
experiments have shown that there is no collision. Finally, by monitoring the
position, a collision-free transition from the starting point to the desired target point
is achieved.
The most important aspect that sets the End Damping Algorithm apart from other
collision avoidance algorithms is that both speed and location can be monitored, and
the target point can be modified instantly during the transition process. With minor
to no changes, the algorithm can be implemented in turrets of all sizes and robotic
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systems. Since, unlike possible field-based approaches, the algorithm does not
interfere in the speed and torque loops, it can be applied to ready-to-use applications
by simply changing the speed references. This will, without a doubt, be a significant
benefit. Since most obstacle avoidance algorithms on the market are focused on
potential fields, even the torque loop must be intervened, which is impossible in
closed box systems. This is the most significant improvement in the algorithm.
The algorithm is also thought to be useful for autonomous vehicles and can be
extended to all related 2-DOF systems to satisfy collision avoidance requirements.
The algorithm could be turned into a crash avoidance algorithm for autonomous
vehicles in the future. In this case, the lower and upper limits of the elevation axis
are built as road barriers in the configuration space, and the obstacles are constructed
as vehicles; this can be accomplished by making minor changes to the algorithm.
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