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Abstract 

 
This paper deals with developing of method of spatial path planning for mobile robots of different types moving in 
unknown environment with obstacles. This method plans trajectories base on third-order Bezier splines using the data 
from onboard range sensors. It allows to automatically make decisions about the strategy of obstacles avoidance in 
horizontal or vertical planes considering the restrictions of mobile robots’ propulsion system. Results of simulation 
confirm its high efficiency, low complexity and small computational capacity.          
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1. Introduction 

 

Today the application field of mobile robots (MR) of various types is continuously expanding. At the same time the 

tasks solved by the MR in the autonomous mode without control of an operator in conditions of an unknown in advance 

environment get special significance [1, 2]. These tasks include transportation of cargos of various function, inspection 

of structures, search operations and so on. In the process of performance of these tasks the information control system 

(ICS) of the MR must form movement trajectories on the basis of information obtaining from onboard sensors. These 

trajectories allow the robot to move quickly and safely in an unknown environment containing obstacles. 

The formation task of the MR trajectories in an environment containing obstacles is one of the main problems in 

development of the ICS for MR. Many methods which can be divided into two groups is already developed for it solution. 

The first group methods include the methods forming trajectories based on use of various methods of finding the shortest 

path. Such methods include algorithms of finding an optimal path on a graph [3,4], genetic algorithms [5-7] and other 

methods [8-10], which are used in the presence of a priori information describing obstacles location. In the case when the 

MR moves in a partially unknown or dynamic environment the trajectory should be planned dynamically based on 
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information coming from the onboard MR sensors and predefined movement patterns [11, 12]. The disadvantage of the 

approaches of this group of methods is the high computational complexity and a need to develop special heuristic rules 

for the trajectories formation. In addition, the trajectories formed by them are a sequence of base points, over which the 

MR must pass. It requires additional application of various interpolation algorithms to construct smoothed motion 

trajectories. 

The second group includes approaches based on the method of potential fields [13-14], which allow the MR to move 

in an unknown in advance environment. The methods form control signals applied to MR actuators as a sum of the robot 

reactions to the signals obtaining from their sensors. However, such approaches do not allow to control the robots’ 

trajectories during their movement. Also, they can lead to a sharp change in the movement direction of the MR, which 

are poorly carried out by feedback systems of the robots. 

Despite the large number of methods of the MR trajectories formation almost all of them consider the problem of 

plane motion. It significantly reduces the functionality of the MR moving in space (underwater vehicles (UV) and 

unmanned aerial vehicles (UAV)). The possibility of spatial motion allows these robots in some cases to avoid obstacles 

from above without changing the movement direction in the horizontal plane. Also, the orientation of its onboard sensors 

continuously changes, when the MR is moving in the vertical plane. It can distort the obstacles picture around the MR 

and leads to the design of incorrect motion trajectories, when traditional methods are used. 

In some papers the methods of trajectories formation for the MR moving in space are proposed. In [15] the hybrid 

method for trajectory formation of a UAV in a mountainous region is described. In this method the optimal flat motion 

trajectory is first formed based on a mesh description of the UAV working space. The resulting discrete trajectory is 

smoothed using the method of potential fields. The main disadvantage of the described method is needing to know in 

advance the map of the location of all obstacles, as well as the inability to fly over the encountered obstacles. In [16] the 

methods of obstacles avoiding in the vertical plane based on the use of information from their onboard sensors are 

described. However, in these papers it is assumed that the UV has no restrictions on the pitch angle and can always bypass 

the obstacle from above. This assumption is valid only for certain UV having vertical thrusters. 

So, there is the task of developing a method of formation of spatial trajectories of the MR spatial motion with unknown 

obstacles, based on information obtaining from onboard sensors. This method will allow to use all the possibilities of 

spatial movement of the MR. In the article this problem is solved on the basis of the formation method of smooth motion 

trajectories in an unknown environment [17]. This method will be modified taking into account the spatial character of 

the MR motion. 

 

2. Problem Statement 

 

When developing the path planning method for MR we assume that their trajectories are set in advance. These 

trajectories pass through the sequence },...,,{ 21 nWWWW of base points (where T),( WiWii yxW  ) and described by third 

order Bezier splines. Since the surface geometry is unknown in advance, the original trajectory of the MR is defined in a 

horizontal plane. Therefore, the z coordinate for each point of the source trajectory will be formed in the process of robot 

movement so that he was always at a specified height from the surface. 

To get the information about surrounding objects the MR have a set of onboard sensors, which generate signals about 

the distance from the robot to objects in the direction of the respective sensors. These sensors include different sonars and 

Doppler velocity logs (for underwater robots), 3D sonar, and various distance sensors (laser or ultrasonic). These sensors 

are divided into two groups: sensors that measure distances to obstacles located around MR, and sensors measuring the 

distance to the surface. Based on information received from these sensors is continuously generated two vectors

),...,...,,( 21 mi ddddD  and ),...,...,,( 21 nj hhhhH , where m and n is the number of relevant onboard sensors.  

 

Further, we assume that MR has four sensors of distance to the surface, directed forward, backward, right and left 

relative to MR. (see Fig. 1). This situation is standard Doppler logs used onboard of UV. 

 

Let’s suppose that data obtained from onboard sensors satisfy the following conditions. 

1. The zero-signal generated at the output of the i-th sensor indicates that the obstacle in the corresponding direction 

is not detected. 

2. The range of detection of obstacles is limited by the value dmax, which can be different for different groups of 

sensors, but for simplicity is the same for all sensors. 

3. Time of filling of vectors D and H by the data obtained from multiple independent onboard distance sensors 

does not exceed the sampling period ICS of the robot.  

4. The orientation of all the sensors in the coordinate system of the MR is known and does not change during robot 

movement. In the article it is supposed that all sensors in each group are arranged symmetrically about the roll 

axis of MR. 
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Fig. 1. Signal from onboard range sensors 

 

Since the movement of the robot takes place in an unknown environment, the trajectory of this movement is defined 

in advance using a set of reference points. These points need to be adjusted in the process of movement based on data 

continuously received from onboard MP sensors. Thus, the process of generating of spatial trajectories have the following 

requirements. 

1. The correction of these trajectories in the process of robot movement should not lead to an abrupt change of direction 

and speed of this movement. 

2. Generated trajectory should allow the MR to going through the all base points in the specified sequence. 

3. The generated trajectory should pass not less than the allowable distance Dmin from the detected obstacle which is 

determined by the dynamic characteristics and the MR type. 

4. All the parts of generated trajectories should be at a given height Hd from the surface of the robot movement. 

5. The movement along the generated trajectories should not lead to the formation of the MR pitch modulo greater 

than the maximum allowed value max. This requirement is due to the features of construction and propulsion complexes 

of various types of MR.  

As a basic method of forming the trajectory of the MR the method described in [17] will be used. This method 

generates and continuously tunes the smooth trajectory of the MR described by Bezier splines in the horizontal plane 

according to the data obtained from MR onboard sensors. This ensure the safe movement of the robot in a previously 

unknown environment containing obstacles. To use this method for MR performing spatial motion it is necessary to make 

the ability to avoid obstacles in the vertical plane and the always move at a given height from a surface with an unknown 

in advance relief. 

Thus, the article solves the following problem. Let’s set the initial smooth, flat trajectory of the robot movement, 

passing through a sequence of base points W. MR is moving in a previously unknown environment and equipped with 

sensors forming a vector D of distances to the detected obstacles and the vector H of the distances to the surface over 

which the movement of the robot is performing. It is necessary to correct the original trajectory that the resulting trajectory 

passes through the entire sequence of base points W, was located at the height Hd of the surface of the movement and the 

distance to the detected obstacles should not be smaller than the allowable Dmin.  

The task of correcting the trajectory of the MR is solved in several steps.  

Step 1. Analysis of environment based on data received from onboard MR sensors.  

At this step there is evaluation of the surface relief and calculation of the coordinates of reference point Xd that specifies 

the movement of the robot. The specified coordinates Xd are calculated based on the current trajectory in the horizontal 

plane, the surface relief and the given speed of robot movement along the trajectory.  

Step 2. Analysis of the location of obstacles relative to the MR and selecting of strategy of obstacle avoidance. 

Based on information obtained from onboard sensors the MR evaluates magnitude of the pitch angle sufficient to avoid 

obstacles in the vertical plane. If this value is less than max, then MR can go around the obstacle in a vertical plane 

without correction of the trajectory in the horizontal plane. Otherwise, it makes decision of correction of the trajectory in 

the horizontal plane and avoid obstacles on the side saving the given height above the surface. 

Step 3. The calculation of the parameters of the new trajectory using the algorithm described in [17], if MR makes the 

decision of correction.  

Further, all these steps are described more detail. 
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3. Algorithm of forming of spatial trajectories of MR movement   

 

Before beginning the work of the algorithm of formation of spatial trajectories ICS calculates the coordinates of points 

lying on obstacles and on surface of movement determined by the distance sensors. These coordinates considering the 

spatial orientation of MR is calculated as follows: 

1) for sensors di: 
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where X = (x, y, z) are coordinates of MR in world coordinate system;, ,  are roll, pitch and yaw of MR respectively; 

adi, bdi, cdi are angles of orientation of i-th sensor about the axis x, y and z in the MR body-fixed coordinate system; RG(.), 

RMR(.) are the rotation matrixes along axis x, y and z in world and body-fixed coordinate systems respectively; 

2) for sensors hj: 
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where ahj, bhj, chj are orientation angles of j-th surface distant sensor in in the MR body-fixed coordinate system. For 

definiteness, we assume that the point Xh1 is ahead of MR, point Xh2 is behind MR, point Xh3 is on the left and point Xh4 is 

on the right of the MR (see. fig. 1). 

 

After determining the coordinates Xhj the coordinates of reference point Xd are calculated. They specify the desired 

movement of the robot along the trajectory. This calculation performs in two steps. At the first step the value of desired 

pitch angle d is calculated. With d the MR should move along the path to its height above the surface was equal to the 

given value Hd. On the second step the coordinates of the point Хd are calculated considering given trajectory in the 

horizontal plane, the d and the value of vd, which is reference speed of MR movement.  

To calculate the d the coordinates Xh1 and Xh2 are used. In the calculation it is considered that the profile of the surface 

relief under MR can be approximated by a straight line passing through these points (see fig. 2). 

 

 
 

Fig. 2. Coordinate calculation of reference point Xd 

 

In the beginning the coordinates of point Xz is calculated. This point is situated on distance Hd from point Xh1 and on 

the plane passed through the points X, Xh1 и Xh2 (Fig.2). These coordinates are calculated by following expressions:    
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where 
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the rotation of vector (Xh1-Xh2) on angle π/2 relatively axis perpendicular this vector and lying in horizontal plan. If we 

know of point Xz coordinates we can calculate of value d by following expression:   
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where (xz, yz, zz) и (xd(k-1), y d(k-1), z d(k-1)) are the coordinates of points Xz and Xd(k-1), respectively. Index k-1 means 

coordinates Xd, calculated on previous sampling interval of MR control system.  

Further we calculate the coordinates of point Xd(k) = (xd(k), yd(k), zd(k)) with considering of value d by following 

expressions: 
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where W1=(xW1, yW1), W2=(xW2, xW2), P1 = (xP1, yP1), P2 = (xP2, xP2)  are coordinates of starting, finishing and control points 

of spline describing current part of MR trajectory in horizontal plane; Xdh = (xd, yd) is projection of point Xd on horizontal 

plane; =[0,1] is parameter set the point Xdh movement along spline from point W1 to point W2. The indexes k and k-1 

mean values of different variables calculated for current and previous sampling interval of MR control system.  

As we can see from expressions (5) the point Xd coordinates is defined by (k). Thus for calculation of Xd coordinates 

we have to find such value (k), which provide movement of point Xd  with reference speed vd. This task is solved by 

following iterative algorithm.  

Step 1. Sd = vd , p =0, )1()(,0)(),1()(  kXpXpSkp dhdtt  , 

where Sd is the path of point Xd in a time  when it moves with speed vd;  is the sampling interval of MR control 

system; p is the index of current iteration of algorithm. 

Step 2. General calculation step. 
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where  is the small increment of t. 

Step 3. Checking of condition for calculation finish. 

If S(p) ≥Sd, then (k) = t(p), else goto step 2. 

The coordinates of point Xd for current sampling interval are calculated by expressions (5) after defining of (k). For 

increasing of dynamic accuracy vd can be tuned according to [18, 19]. 

MR can meet obstacles during movement along trajectory ant it must avoid these obstacles on safely distance. For this 

purpose, it is necessary to define presence of obstacles near MR based on information about points ),1(, miX di   and 

),1(, njX hj   and select the method of avoidance: in vertical plan without correction of trajectory in horizontal plane or 

sidewise with correction of trajectory in horizontal plan by algorithm described in [17]. This selection is made by 

estimation of value * pitch angle needed for obstacle avoidance in vertical plane.     

All range sensors di for calculation of * are separated on three groups (Fig. 3): range sensors of MR left side L = 

(d1,…, dl), range sensors of MR forward side F = (dl+1,…, dl+f)  and MR right side R = (dl+f+1, dl+f+r), where l+f+r = m. 

Each these groups associate with one of range sensor h3, h1, h2 (Fig. 3). For each pair sensors di and hj the estimation of 

pitch angle is calculated:     
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where dididi zyx ,, are coordinates of point diX ; hjhjhj zyx ,, are the coordinates of point hjX . 

  

 

 
 

Fig 3. The selection of the method of obstacle avoidance 

 

Finally, the value * is defined as ),1(),max( ** mii   . If * ≤ *
max, then obstacle avoidance in vertical plan is 

possible and correction of MR trajectory in horizontal plane is not required. If * > *
max, then obstacle avoidance must 

be in horizontal plane with correction MR trajectory. Herewith the value *
max is defined by following expression:    
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As we can see from (7) if obstacle is left or right side of MR then value *
max depend on relation of values Hd and Dmin 

and can be less then value max. The explanation of this fact is shown in Fig. 4.  

 

  
a) b) 

 

Fig 4. The features of MR movement along different obstacles  

 

The MR movement along obstacle with smooth slope being from side of MR is shown in the Fig. 4a. In this case the 

MR can keep reference altitude from surface and simultaneously keep distance from obstacle more than minimal value 

Dmin. But if MR move along obstacle with stiff slope (Fig. 4b) then it became impossible simultaneously keep reference 

altitude from surface and minimal allowed distance from obstacle. If MR shifts from obstacle for increasing of side 

distance then altitude decrease too and MR come down. As result the side distance decrease again. So, for simultaneously 

keeping and altitude and minimal allowed side distance the value *
max must consider of relation between values Hd and 

Dmin.    

If obstacle must be avoiding by sidewise then trajectory setting in horizontal plane by Bezier spline of third degree is 

corrected by algorithm proposed in [17]. Herewith depend on obstacles position relatively MR there are two methods of 

trajectory correction: obstacle avoidance (from left or right side) or shifting trajectory for providing safely distance from 
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obstacle. After correction the current part of MR trajectory is described by spline with new parameters which are used in 

expressions (5) for calculation of coordinates of point Xd.   

 

4. The simulation result of proposed MR spatial path planning method  

 

The mathematical simulation was carried out for investigation of proposed method. During this simulation the V-rep 

software is used for building of virtual training area (Fig. 5) containing different obstacles and MATLAB software is used 

for implementation this method of path planning.    

 

 
 

Fig. 5. General view of virtual training area 

 

During simulation it is proposed that MR has 7 range sensors of distance to obstacles and 4 range sensors of distance 

to surface. Sensors of distance to surface are directed to forward, backward, left side and right side relatively MR and 

have declination from yaw axis on angles π/4 rad in corresponding side. The reference altitude value was equal Hd = 2 m, 

minimal allowed distance from obstacles was equal Dmin = 2 m, maximal allowed value of pitch angle was equal max = 

0.6 rad and reference MR velocity was equal vd = 1 m/s. Starting point W1 has coordinates (24, 24), finishing point W2 

has coordinates (-60, 30), and arrival angle to finishing point was equal π rad. Starting value of z coordinate was equal 4 

m. During simulation it is supposed that MR control system provide its accurate movement along trajectory [20] and yaw 

and pitch angles are formed by direction of tangent lines to this trajectory in horizontal and vertical planes.      

The simulation results of MR movement are presented in Fig. 6. In Fig. 6a the gray dashed line is the initial trajectory 

set in horizontal plane, and black solid line is the projection of resulting MR trajectory to horizontal plane. In Fig. 6b the 

changing of coordinate z along trajectory shown in Fig. 6a is presented. General view of resulting trajectory on virtual 

training area is shown in Fig. 6c. As we can see in these figures during MR movement its meet two obstacles: smooth and 

sharp hills. First obstacle MR avoids in vertical plan without correction of path in horizontal plane (gray and black line 

coincide in Fig. 6a). But MR cannot avoid second obstacle in vertical plane because of limitation of its pitch angle. In this 

case the path is corrected for providing avoidance of this obstacle from left side.     

 

  
a) b) 
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c) 

 

Fig. 6. The resulting of MR trajectory 

 

In the Fig. 7a the value * changing is shown. As we can see when MR avoids first obstacle in vertical plane the value 

* < *max and when it avoids second obstacle * < *max, and as result the initial trajectory is changed. In the Fig. 7b 

the changing of minimal distance from obstacles measured by range sensors is shown. In this figure zero distance means 

that there are no obstacles located near MR.  

 

  
a) b) 

  

  
c) d) 
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e) 

 

Fig. 7. Changing * (a), min(di), i = (1,m), (b), d (c), H (d), vd (e) during MR movement  

 

 As we can see in this figure during MR movement minimal distance from obstacles always more than minimal allowed 

distance. Herewith this distance is minimal when MR moves along second obstacle. During movement the value of MR 

pitch angle not exceed max = 0.6 rad (Fig. 7c). and deviation of altitude H under surface from reference value of altitude 

does not exceed 0.15 m (Fig. 7d). This deviation has maximal value when MR starts and finishes avoidance of first 

obstacle in vertical plane where relief of surface changes sharp. In other time this deviation does not exceed 0.07 m. The 

changing velocity of point Xd is presented in Fig. 7e. As we can see the deviation this velocity from its reference value 

does not exceed 0.02 m/s that provides performing any operations.     

Thus, the simulation results confirm that proposed algorithm to allow planning spatial trajectories for MR in unknown 

environment and simultaneous keeping of reference altitude from surface and avoiding obstacles on safe distance. Also 

proposed algorithm has small computation complexity and allow automatically select mode of obstacle avoidance.     

 

5. Conclusions 

 

This paper proposes the new method of formation of spatial trajectories of the robot movement in an unknown 

environment containing obstacles, based on data obtained from onboard distance sensors. The proposed method is based 

on the previously developed method of formation of smooth trajectories. Feature of the proposed method is the simple 

mechanism of making decisions about bypass mode for detected obstacles: in the vertical plane without correction for the 

original trajectory, or side with the correction of this trajectory. The advantages of the proposed algorithm can indicate 

the formation of smooth trajectories, which allows to increase the speed of robot movement and its small computational 

complexity.     

The future work will be continued according two ways. The first way is developing of intelligent approach to select 

the mode of obstacle avoidance in horizontal or vertical plans. For instance, on the base of fuzzy logic methods. The 

second way is developing method of selecting direction of obstacle avoidance on the base of analysis of covered distance. 
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