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Abstract: Mobile robotic systems must have the ability to guarantee safety for operating in close proximity with 

other moving objects. This paper aims to develop collision avoidance method based on velocity control with respect 

to several modal of moving objects in the vicinity of wheeled mobile robot. We propose a method that is called 

Hybrid Velocity Obstacles to avoid multi modal moving objects. This is different from Hybrid Reciprocal Velocity 

Obstacles approaches in the assumption that objects in the robot’s surrounding move with arbitrary speed and 

directions. The main advantage of the method is in the ability to avoid unknown nonlinear trajectories of moving 

objects. Collision avoidance is achieved by considering static objects, other mobile robots, and moving objects with 

nonlinear trajectories. These different characteristics of robot’s surrounding objects are calculated to produce 

avoidance velocity. Our approach is implemented in simulations for a two-wheeled differential-steering mobile robot 

in the environment contains moving objects. The results show that our approach is capable to avoid collision with 

multi modal moving objects by maintaining safety with average value 0.17 of Proximity Index. It is envisaged that 

the proposed method can be very useful for developing transport robot that operate in human environment.  

Keywords: Velocity control-based collision avoidance, Multi modal moving objects, Differential-steering wheeled 

mobile robot, Hybrid velocity obstacles, Nonlinear trajectories. 

 

 
 

1. Introduction 

The market demand of service robots is 

projected to grow substantively in the future [1]. 

Demand on service robots annually has increased 

greater than 30% [2]. Asia-pacific region represents 

the biggest and the fastest growth of market zona in 

service robot selling. Among several type of service 

robots, logistic and transport robot gains 53% of all 

demand in service robot. Mobile robot has achieved 

the highest selling among some categories in service 

robot. This data establishes the fact that demand on 

mobile robot research for logistic and transport 

service still high. 

Transport robot system as a part of logistic and 

transport robot requires improvement in navigation 

technology, perception and cognition with the 

highest complexity depends on the working 

environment. There are five challenges that need to 

be solved in the next generation of transport robot 

systems: autonomous navigation, mapping, 

localization, adaptation in environment with 

changing structured, and operating in the near-

distance with other moving objects. This research 

focus on the last problem.  

Robot shares and collaborates with moving 

objects in its mobility so that safety of objects in the 

vicinity must be considered with the highest priority 

[3]. These requirements need to be fullfilled with 

respect to the main task of transport robot on 

delivering goods to target position [4].  

There are at least three approaches in collision 

avoidance research. Artificial Potential Field (APF) 

[5] has been adopted nature law in physics into 

collision avoidance strategy. While Vector Field 

Histogram (VFH) [6] results direction of movement 

for controlling avoidance motion. In other way, 

Velocity Obstacles (VO) [7] make use velocity as a 

means to control safe motion.   
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A collision avoidance approach should take into 

account kinematics of robot in order to implement it 

in real-time robotic system. VFH does not consider 

kinematics.  

Guarantee of safety in general can not be 

provided by all collision avoidance algorithms 

except by VO [7]. Hybrid Reciprocal VO (HRVO) 

[8] that combined VO, and Reciprocal VO (RVO) 

was proposed by Snape, van den Berg, Guy, and 

Manocha in 2011 to maintain safety for robot 

navigation system. This method was adopted in 

Proactive Social Motion Model (PSMM) [9] was 

proposed by Truong and Ngo in 2017 to provide 

human safety. HRVO in both researches assumed 

that objects move linearly with constant velocity.   

In reality, robot workspace may contain of 

several type of objects that move with nonlinear 

trajectories between their initial position and target. 

In this research, these objects are called multi modal 

moving objects. Hence, previous approaches do not 

consider nonlinearity in the trajectory of multi 

modal moving objects.  

This paper aims to develop collision avoidance 

system for handling multi modal moving objects 

with respect to kinematics of mobile robot by 

presenting Hybrid Velocity Obstacles. This research 

contributes in changing HRVO with HVO to avoid 

multi modal moving obstacles with unknown non-

linear trajectories.  

Our proposed collision avoidance system uses 

velocity command selection of linear and angular 

velocity reference. This approach is the first new 

feature compare to previous research which based 

on orientation reference. The second new feature of 

our approach that different from previous work is 

avoidance velocity generation with no need to tune 

the collision avoidance parameter. Unlike previous 

study, our approach considers more complete 

moving obstacles that comprise of individual 

pedestrian, group of pedestrians, and another mobile 

robot. In this paper, these obstacles are called multi 

modal moving objects. This new environment 

configuration is the third new feature of our 

proposed system. Based on these new features, the 

advantages of our approach compare to previous 

approaches are simpler, faster, and more complete in 

obstacle modality. It is simpler because linear and 

angular velocities as the output of our proposed 

method can be directly applied to robot. It is faster 

because no process for parameter tuning is needed to 

define avoidance velocity. It is more complete 

because our system is tested with various real 

problems. Comparison data about previous works on 

collision avoidance are summarized in Table 1. 

 

Table 1. Comparison data of previous works on 

collision avoidance 
Method Modality of 

Obstacles 

Kinematics Control 

APF [5] Static and 

moving objects 

No 𝜃 

VFH [6] Static objects No 𝜃 

VO [7] Linear path No 𝑣 

HRVO [8] Constant 

velocity 

Yes 𝑣 

PSMM [9] Constant 

velocity 

Yes 𝑣 

Set-based 

switch 

guidance 

[10] 

Static objects Yes 𝜃 

APF/VFH-

based [11] 

Static and 

moving objects 

Yes 𝑣 

VO-based 

[12] 

Static lane 

edges, and 

single crossing 

pedestrian, or 

another vehicle 

Yes 𝑣 

HVO, our 

proposed 

method 

Static objects, 

moving objects 

with circular 

path and 

cloverleaf path, 

single walking 

human, group 

of walking 

humans, and 

another mobile 

robot with 

unknown 

trajectories 

Yes 𝑣, 𝜔 

 

The remainder of the paper is organized as 

follows. The state of the arts in collision avoidance 

are presented in Section 2. Section 3 reviews multi 

modal moving objects. Section 4 defines our 

proposed collision avoidance system used in this 

research.  Section 5 presents our Hybrid Velocity 

Obstacles for multi modal moving objects. Section 6 

evaluates our approach in simulations with two 

scenarios. Section 7 concludes this paper. 

2. Related works 

There are several works on collision avoidance 

in robotics and intelligent vehicles. In the following 

section, some research achievements of collision 

avoidance will be described. 

An interesting combination of path following, 

and obstacle avoidance was proposed in [10]. 

Encircle movement was used to avoid obstacles. 

Switch control systems was applied to choose 

orientation reference for path following and obstacle 
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avoidance. Our approach does not consider on 

orientation reference. In this paper, our proposed 

collision avoidance system is based on switching 

between linear and angular velocity reference. 

A unique integrated approach for following the 

desired path and avoiding obstacle that were 

consists of persons and robots was discussed in [11]. 

Sigmoid and Gaussian function were introduced to 

define reference and avoidance curve. Several 

scenarios were tested with circular path, sine wave, 

straight line, and by considering static and moving 

obstacles. Their proposed obstacle avoidance 

method’s performance had similarities with APF 

and VFH with properly and opportunely tuned on 

some parameters of their approach. On the contrary, 

the collision avoidance technique proposed in our 

paper does not need to be tuned to define avoidance 

velocities. Furthermore, in this article the proposed 

method is tested against static and multi modal 

moving objects. These moving objects that act as 

obstacles comprise of circle path, cloverleaf path, 

and unknown path. Details of multi modal moving 

objects will be described in the following section. 

An obstacle avoidance method based on VO 

algorithm of outdoor vehicle to avoid collision with 

crossing pedestrian in [12]. They only considered 

single crossing pedestrian and other vehicle and was 

not yet taken account of group of pedestrians. In 

contrast, in this article moving obstacles are 

represented by single pedestrian, group of 

pedestrians, and another wheeled mobile robot. 

3. Multi modal moving objects 

There are several types of objects that exist in 

the surrounding of robot. These objects act as 

obstacles with respect to robot route from initial to 

target position. The first type of obstacles is static 

object. The wall, door, table and other non-

moveable office things are included in this type. The 

second type can be found on situation when human 

interacted with static objects. A person who looked 

at a painting or read announcements at a wall 

magazine are two examples of this type of obstacle. 

The third type are another mobile robot that operate 

in the same environment as the robot does. The last 

type is moving obstacles in the form of individual or 

group of humans. This research uses a group of 

human consisting of two to five people. 

Multi modal moving objects that have been a 

focus of this research are obstacles that move with 

nonlinear trajectories. Obstacles in indoor 

environment such as office, hospital or campus can 

include some modality of moving humans such as 

walking, running and also people with disabilities 

that move by cane, crutches or wheelchair. It is 

possible that there is another mobile robot operates 

in the same workspace environment.  

Fig. 1 illustrates scenario of collision avoidance 

of a two wheeled mobile robot in an indoor 

environment with multi modal moving objects. This 

mobile robot has to transport goods to certain target 

position by maintaining safety of each objects exist 

in its surrounding. The dashed circle at the boundary 

of each grey objects show the area of a safety 

standard that must be avoided by robot. Robot-

human interaction in this research is designed based 

on safety standards that are defined in [13].  

A walking individual human, a group of walking 

human, and another mobile robot are three examples 

of multi modal moving objects used in this scenario 

illustration. These objects represented by dashed 

circle that filled with grey colour. Each of multi 

modal moving objects has centre and radius. The 

centre of individual object positioned at its centre of 

gravity. While the centre of group objects was 

defined at its centre of group interest. Nonlinear 

trajectories that resulted from the motion of these 

objects can be categorized into motion with loop and 

motion without loop. Motion with loop consists of 

object which moves with a circular path or other 

path model such as cloverleaf.  

Circular path is expressed by: 

 

𝑥𝑜(𝑘) = 𝑥𝑐 + 𝑟𝑝𝑎𝑡ℎ cos(𝑘𝜔𝑜𝑇), 

 

𝑦𝑜(𝑘) = 𝑦𝑐 + 𝑟𝑝𝑎𝑡ℎ sin(𝑘𝜔𝑜𝑇)       
(1) 

 

The centre of circular path is represented by 𝑥𝑐 

and 𝑦𝑐  with radius  𝑟𝑝𝑎𝑡ℎ, 𝑘 = 0, 1, 2, ..., while 𝜔𝑜 

 

 

 
Figure. 1 Interaction space between mobile robot and 

multi modal moving objects 
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expresses object angular velocity and 𝑇 symbolizes 

sampling time. Fig. 2 illustrates an object moves 

with circular path. 

 Another type of motion with loop can be found 

on moving object with cloverleaf path such as 

depicted in Fig. 3. Cloverleaf path is expressed by: 

 

𝑥𝑜(𝑘) = 𝑥𝑐 + 𝑎 sin(𝑘𝜔𝑜𝑇)sin(2𝑘𝜔𝑜𝑇),    
 

𝑦𝑜(𝑘) = 𝑦𝑐 + 𝑎 cos(𝑘𝜔𝑜𝑇)sin(2𝑘𝜔𝑜𝑇)     
 

(2) 

The centre of cloverleaf path is represented by 𝑥𝑐 

and 𝑦𝑐  with amplitude 𝑎. 

 Motion without loop comprises of some 

nonlinear paths. These paths can be generated by 

Probabilistic Road Map (PRM) planner [14]. For 

generating nonlinear path of motion without loop, 

there are some data that need to be prepared as 

illustrated in Fig. 4. Environment map of robot 

workspace is the first input for PRM. Based on this 

map, some nodes are randomly generated.  

 These nodes represent important points in 

real environment that can be interconnected each 

other to form network. Number of nodes and 

distance between interconnected nodes can be 

adjusted to arrange this network. Nonlinear path as a 

collection of interrelated nodes [𝑥𝑜(𝑘), 𝑦𝑜(𝑘)] from 

start to goal point of this network can be generated 

by supplying initial position and target position. 

Fig. 5 demonstrates the ability of PRM planner 

to generate random nonlinear path of motion 

without loop. For the same pairs of initial and target 

positions, there are some different paths can be 

resulted when this process run in separated time. 

 

 
Figure. 2 Moving object with circular path 

  
Figure. 3 Moving object with cloverleaf path 

 

 

 
 

Figure. 4 PRM is used to generate nonlinear path of 

motion without loop 

 

 

  
Figure. 5 Three different nonlinear paths of motion 

without loop that are generated by PRM path planner in 

separated time with the same initial and target position: 

(a) trial 1, (b) trial 2, (c) trial 3, and (d) all trial 
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 The first trial to generate nonlinear path is 

illustrated in Fig. 5 (a) with given initial and target 

position. By using the same initial and target 

position, a different path of the second trial is 

resulted as depicted in Fig. 5 (b). The third trial with 

the same pair positions to produce diverse path is 

shown in Fig. 5 (c). For comparing results of three 

trials, these unique nonlinear paths are presented in 

Fig. 5 (d). 

4. Proposed collision avoidance system 

Collision avoidance system is designed by 

considering kinematics of mobile robot with respect 

to safety distance of objects in the vicinity of robot. 

4.1 Structure of HVO-based collision avoidance 

system 

Structure of collision-free trajectory tracking 

with respect to kinematics of two wheeled 

differential-steering mobile robot is displayed in Fig. 

6. Definition of the mathematical symbols are 

described in Table 2. 

 Desired mobile robot pose that is used as 

reference or set point can be presented as 𝐏𝑑 =
[𝑥𝑑 𝑦𝑑 𝜓𝑑]𝑇 . The collection of desired robot 

poses that form waypoints from its initial to target 

pose has to be tracked by mobile robot. 

 

 
Figure. 6 Structure of HVO-based collision 

avoidance system in trajectory tracking of two-wheeled 

differential-steering mobile robot 

 

Table 2. Notation list of HVO-based collision 

avoidance 
Symbol Description 

𝐏𝑑 Desired mobile robot pose 

𝐏0 Initial robot pose 

𝐏𝑡 Target pose 

𝐏𝑟 Actual robot pose 

[𝑥𝑟 𝑦𝑟]𝑇 Robot position 

𝜓𝑟 Robot orientation 

�̇�𝑟 Configuration transition of 

mobile robot pose 

�̇�𝑟 Wheel speed 

�̇�𝑅
𝑟 Wheel speed of right motor 

�̇�𝐿
𝑟 Wheel speed of left motor 

𝑑 Diameter of robot  

2𝑟 Diameter of wheel 

𝐯𝑟 Linear and angular velocity 

of mobile robot 

𝑣𝑟 Linear velocity  

𝜔𝑟 Angular velocity 

𝐏𝑜 Multi model moving 

Object pose 

𝐝𝑠 Distances that are sensed 

by LIDAR 

𝐯𝑐𝑚𝑑
𝑝𝑝

 Velocity command for path 

tracking purposes 

𝐯𝑐𝑚𝑑
𝑜𝑎  Velocity command for 

obstacle avoidance 

purposes 

𝐯𝑟
𝑟𝑒𝑓

 Velocity reference  

�̇�𝑟
𝑟𝑒𝑓

 Wheel speed reference  

PI Proximity index to evaluate 

safety distance between 

robot and object 

𝜎 The closest distance to 

object 

𝑑𝑟−𝑜 Actual distance to object 

VO The set of velocity that will 

result collision with static 

object and moving object 

with constant velocity 

RVO The set of velocity that will 

result collision with 

another mobile robot 

NLVO The set of velocity that will 

result collision with 

moving object with 

nonlinear trajectory 

HVO The set of velocity that will 

result collision with multi 

modal moving objects  

𝑉𝑠𝑎𝑓𝑒Ω
= 𝐻𝑉𝑂Ω

̅̅ ̅̅ ̅̅ ̅̅  The set of velocity that will 

avoid collision with multi 

modal moving objects 
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Probabilistic Roadmap (PRM) path planner is 

used to generate desired pose 𝐏𝑑 . Actual mobile 

robot pose is expressed as 𝐏𝑟 = [𝑥𝑟 𝑦𝑟 𝜓𝑟]𝑇 . 

Obstacle’s pose 𝐏𝑜  and robot pose 𝐏𝑟  act as input 

for HVO. 

Obstacles comprise of multi modal moving 

objects as described in the previous section. These 

objects consist of human or another mobile robot. 

Standard of safety distance and kinematics model of 

mobile robot are presented in the next sub sections. 

4.2 Standard of safety distance 

Multi modal moving objects that exist in the 

vicinity of mobile robot represent obstacles which 

their states are defined as 𝐏𝑜 = [𝑥𝑜 𝑦𝑜 𝜓𝑜]𝑇 with 

respect to the outer border of each objects. Violation 

in certain distance will threaten their safety. 

 This research proposes Proximity Index (PI) to 

evaluate the safety distance for each object existing 

in the environment as follows: 

 

𝑃𝐼 =
𝜎

𝑑𝑟−𝑜
 (3) 

 

This evaluation index comparing between the 

closest safe distance to objects 𝜎 and actual distance 

of each object to mobile robot 𝑑𝑟−𝑜. 

The closest distance 𝜎  is defined at 0.35 m. This 

parameter is chosen to have value according to the 

size of robot. While actual distance between mobile 

robot and objects 𝑑𝑟−𝑜 is calculated using Euclidean 

distance. A standard safety line is defined at 0.5 m 

or equal with 0.7 of PI. This value is selected based 

on safety standards as reviewed in [13]. The smaller 

PI value means the safer condition is. Object safety 

is threatened when PI value greater than 0.7. 

4.3 Kinematics model 

In this research, mobile robot is defined as a two 

wheeled differential-steering robot that has to 

deliver a task from its initial to target position. The 

posture of robot is illustrated in Fig. 7 in the 

Cartesian coordinate system.  

 With 𝑑  represents width of robot,  

𝐶  as the centre of left-right wheel axis, 𝐺  states 

centre of mass and point representation of robot in 

the X-Y coordinate. Diameter of wheels are 

represented by 2𝑟. Both wheels are connected to left 

and right motors. There are two castor free wheels 

set to give stability at the front and the rear part of 

robot body. 

 Mobile robot state and configuration transition 

are represented as follows: 

 
Figure. 7 Configuration of a two wheeled differential-

steering mobile robot 

  
 

𝐏𝑟 = [𝑥𝑟 , 𝑦𝑟, 𝜓𝑟]𝑇 , (4) 

 

�̇�𝑟 = [�̇�𝑟, �̇�𝑟 , �̇�𝑟]𝑇 (5) 

 

where robot position is represented by 𝑥𝑟 and 𝑦𝑟 and 

orientation is denoted by 𝜓𝑟.  

 Configuration transition of robot from body to 

global coordinate is presented as follows: 
 

[

�̇�𝑟

�̇�𝑟

�̇�𝑟

] = [
cos 𝜓𝑟 0
sin 𝜓𝑟 0

0 1
] [

𝑣𝑟

𝜔𝑟
] (6) 

 

where mobile robot velocity 𝐯𝑟 = [𝑣𝑟 𝜔𝑟]𝑇 

triggers the change in its pose in global coordinate  
�̇�𝑟 = [�̇�𝑟, �̇�𝑟 , �̇�𝑟]𝑇 . Forward kinematics model 

of a two wheeled differential-steering mobile robot 

is represented as follows: 

 

[
𝑣𝑟

𝜔𝑟
] = 𝑟 [

1
2⁄ 1

2⁄

1
𝑑⁄ − 1

𝑑⁄
] [

�̇�𝑅
𝑟

�̇�𝐿
𝑟

] (7) 

 

where wheel speeds �̇�𝑟 = [�̇�𝑅
𝑟 �̇�𝐿

𝑟]𝑇 are used to 

steer mobile robot by affecting its linear and angular 

velocity 𝐯𝑟.  

 In other way, inverse kinematics can be used to 

obtain wheel speeds �̇�𝑟 from its linear and angular 

velocity 𝐯𝑟 as defined as follows:  

 

[
�̇�𝑅

𝑟

�̇�𝐿
𝑟

] =
1

𝑟
[
1 𝑑

2⁄

1 −𝑑
2⁄

] [
𝑣𝑟

𝜔𝑟
] (8) 

 

Pose of robot can be updated by applying Eulerian 

integration to velocity as follows: 
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[

𝑥𝑟(𝑘 + 1)
𝑦𝑟(𝑘 + 1)
𝜓𝑟(𝑘 + 1)

] = [

𝑥𝑟(𝑘)
𝑦𝑟(𝑘)
𝜓𝑟(𝑘)

] + 𝑘𝑇 [

�̇�𝑟(𝑘)
�̇�𝑟(𝑘)

�̇�𝑟(𝑘)

] (9) 

4.4 LIDAR sensor 

Mobile robot was equipped with LIDAR (light 

detection and ranging) scan that has max sensing 

range of 20 m. This sensor’s scan angles set to 8 

points in the surrounding body of robot as depicted 

in Fig. 8. Each scan angle to other had distance of 

45°. It produces ranges that measured from the 

sensor to obstacles in the environment at specific 

angles. 

4.5 Velocity command selection  

Based on lidar scan at objects in the surrounding 

of robot, velocity command selection block decides 

to activate one of two methods for generating 

appropriate velocity by using Algorithm-1. 

4.6 Pure pursuit velocity command 

Pure Pursuit (PP) acts as a tracking method for 

path following purposes. It computes the linear and 

angular velocity commands that move the robot 

from its current position to reach some look-ahead 

point in front of the robot [15].  

 PP can be used by specifying waypoints, the 

desired linear and maximum angular velocities. 

Given the desired pose and actual pose of the robot 

as input, the linear and angular velocities commands 

of path tracking 𝐯𝑐𝑚𝑑
𝑝𝑝

= [𝑣𝑐𝑚𝑑
𝑝𝑝

𝜔𝑐𝑚𝑑
𝑝𝑝

]
𝑇

 for mobile 

robot can be calculated. 

4.7 HVO velocity command 

HVO produces output in the form of velocity 

𝐯𝑐𝑚𝑑
𝑜𝑎 = [𝑣𝑐𝑚𝑑

𝑜𝑎 𝜔𝑐𝑚𝑑
𝑜𝑎 ]𝑇 for obstacle avoidance 

purposes. This velocity command is resulted by 

implementing HVO method given some input that 

consist of obstacle’s pose 𝐏𝑜  and robot pose 𝐏𝑟 . 

Details of HVO is described in Section 4. 

Furthermore, �̇�𝑟  is used for rotating both of robot 

wheels in order to make transition of configuration 

�̇�𝑟. An integrator (9) is utilized for achieving robot 

position 𝐏𝑟 from  �̇�𝑟 . 

5. Hybrid velocity obstacles 

 The desired velocity to reach target is the 

collision-free of robot velocity. Set of mobile robot 

velocity 𝑣𝑟  in velocity space 𝒱  that will cause 

collision between mobile robot MR and an obstacle 

 

 
Fig. 8.  Scan angles configuration of LIDAR sensor on 

mobile robot 

  

 

O in each time point t in the future between initial 

time 𝑡0 dan Time Horizon (TH) is as follows: 

 

𝑉𝑂 = ⋃{𝑣𝑟 ∈ 𝒱|∃𝑡 ∈ [𝑡0, 𝑇𝐻], 𝑀𝑅(𝑡)

𝑇𝐻

𝑡=𝑡0

∩ 𝑂(𝑡) ≠ ∅} 

(10) 

 

 Set of robot velocity relative to obstacles is 

defined in Collision Cone (CC) as 𝑀𝑅(𝑡) ∩ 𝑂(𝑡) ≠
∅. VO consists of some steps as written in Table 3. 

 
Algorithm-1 Velocity Command Selection 

1: if lidar scan ranges < alert distance 

2:  activate HVO  

3: else  

4:  activate Pure Pursuit  

  

 
Table 3. Procedure to achieve VO 

1. Define robot as a point and enlarge obstacle 

circle with respect to robot radius. 

 

2. Define Relative Collision Cone (RCC) with 

apex in robot position with both tangent line 

perpendicular to obstacle circle. 

 

3. Shifting RCC with respect to obstacle 

velocity resulting Absolute Collision Cone 

(ACC). 

 

4. Define limitation of dynamics of robot 

acceleration as 𝒱. 

 

5. Determine intersection area between 𝒱  and 

ACC as VO. 

 

6.  Produce 𝑉𝑠𝑎𝑓𝑒  by performing subtractions 

between 𝒱 and VO. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Fig. 12.  Configuration of LIDAR sensors on ego-robot. 
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 Velocity space 𝒱 consists of velocities that can 

be reached by maximum and minimum acceleration 

of robot 𝑀𝑅. 

 In the case of avoiding obstacle 𝑂 has similar 

avoidance characteristics with mobile robot MR, 

RVO is formulated as follows: 

 
       𝑅𝑉𝑂𝑂

𝑟 (𝑣𝑂, 𝑣𝑟, 𝛼𝑂
𝑟 ) 

= ⋃ {𝑣′𝑟| 1

𝛼𝑂
𝑟 𝑣′𝑟+(1− 1

𝛼𝑂
𝑟 )𝑣𝑟∈𝑉𝑂𝑂

𝑟 (𝒗𝑂)}

𝑇𝐻

𝑡=𝑡0

 
(11) 

 

Moving human as individual or group is obstacle 

that has nonlinear characteristics with uncertain 

direction and speed.  

This research replaces HRVO with NLVO that 

more suitable for nonlinear moving obstacles. 

NLVO is generalization of VO in that direction and 

magnitude of obstacle velocity,  𝑣𝑂 , not always the 

same in each future time as stated as follows: 

 

     𝑁𝐿𝑉𝑂 = 𝑉𝑂 ⇔ ∃(𝑡1, 𝑡2) ∈ [𝑡0, 𝑇𝐻]2|𝑡1 

≠ 𝑡2 𝑎𝑛𝑑 𝑣𝑂(𝑡1) ≠ 𝑣𝑂(𝑡2) 
(12) 

 

This research proposes contribution in the form of 

merging NLVO (12), RVO (11) dan VO (10) to 

become HVO to overcome several modes of 

obstacle objects around the robot stated as follows: 
 

𝐻𝑉𝑂 = ⋃ 𝑉𝑂𝑟|𝑜 ∪ ⋃ 𝑅𝑉𝑂𝑟|𝑟𝑜

𝑟𝑜∈𝑅𝑜∈𝑂

∪ ⋃ 𝑁𝐿𝑉𝑂𝑟|ℎ

ℎ∈𝑃

 

(13) 

 

Collision-free mobile robot velocity 𝑣𝑟  
represents velocity that is outside HVO set. This 

velocity must be chosen from velocity space 𝒱 with 

respect to limitation of robot dynamics for single 

obstacle and for multiple obstacles as follows: 

 

    𝑉𝑠𝑎𝑓𝑒 = 𝐻𝑉𝑂̅̅ ̅̅ ̅̅ = {𝑣𝑟 ∈ 𝒱|𝑣𝑟 ∉ 𝐻𝑉𝑂} (14) 

  

    𝑉𝑠𝑎𝑓𝑒Ω
= 𝐻𝑉𝑂Ω

̅̅ ̅̅ ̅̅ ̅̅ = {𝑣𝑟 ∈ 𝒱|𝑣𝑟 ∉ 𝐻𝑉𝑂Ω} (15) 

 

Set of collision-free of robot velocity 𝑉𝑠𝑎𝑓𝑒Ω
 can 

be calculated by using HVO (13). Desired velocity 

𝑣𝑟
𝑑𝑒𝑠 ∈ 𝑉𝑠𝑎𝑓𝑒Ω

 is selected from collision-free robot 

velocity set. This velocity is defined as obstacle 

avoidance velocity command  𝑣𝑐𝑚𝑑
𝑜𝑎 = 𝑣𝑟

𝑑𝑒𝑠. Fig. 9 

shows block diagram of our proposed HVO-based 

collision avoidance. 

 

  
Figure. 9 Hybrid velocity obstacles-based collision 

avoidance 

6. Simulations and results 

For testing the ability of proposed method to 

handle several types of objects, the following two 

scenarios are used. In general, mobile robot is 

commanded to move from initial pose to target pose. 

This simulation uses a target that occupies a fixed 

location. Mobile robot must arrive at target location 

safely by avoiding some objects that move in 

between mobile robot initial and target pose. These 

simulations used multi modal moving objects as 

explained in Section 2. 

 The diameter of mobile robot body was set to 

0.6 m. While the radii of mobile robot wheels set to 

0.15 m. The desired linear velocity of the robot was 

1.0 m/s. The single person agent had diameter of 0.6 

m. The speed of single walking person was set to 0.5 

m/s. The group of human consists of two peoples set 

to have diameter of 1.8 m. This group had speed of 

0.3 m/s. Another wheeled differential-steering 

mobile robot that acts as obstacle had diameter of 

0.6 m. The radii of obstacle-robot wheels set to 

0.15m. The desired linear velocity of obstacle-robot 

was 0.5 m/s. 

 The first scenario is aimed to examine the 

ability of mobile robot to avoid multi modal moving 

objects with loop motion. Two circular paths with 

different radius and one clover leaf path are chosen 

to represent loop motion scenario. These loop 

motion paths are generated based on Eqs. (1) and (2). 

Mobile robot and target were arranged in opposite 

direction. The second scenario was implemented to 

evaluate the performance of mobile robot to avoid 

multi-modal moving objects with unknown 

trajectories. These trajectories of motion without 

loop are generated by using PRM. All agents were 

arranged in configuration such as illustrated in Fig. 

1. For testing the effectiveness of our proposed 

collision avoidance, HVO is compared to HRVO, 

APF, VFH, and VO from previous works. 

Hybrid Velocity Obstacles 

VO 

RVO 

NLVO 

Define 

Reachable 

Velocities 

  
Calculate 
Candidate 

Avoidance 

Velocities 

  
Select 

Optimal 
Avoidance 

Velocity 

𝐏𝑜, 𝐏𝑟   

  

𝒱 

𝑉𝑂 

𝑅𝑉𝑂 

𝑁𝐿𝑉𝑂 𝐻𝑉𝑂Ω
̅̅ ̅̅ ̅̅ ̅̅  𝐯𝑐𝑚𝑑

𝑜𝑎  
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

Figure. 10 Mobile robot avoids multi modal moving 

objects with loop motion by using HVO in Scenario 1: 

(a) trajectory of mobile robot from initial to target 

position, (b) PI of HVO while avoiding moving object 

with cloverleaf path (obstacle 1), (c) PI of HVO while 

avoiding moving object with little circle path (obstacle 2), 

and (d) PI of HVO while avoiding moving object with 

big circle path (obstacle 3) 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Figure. 11 Mobile robot avoids multi modal moving 

objects with unknown trajectories by using HVO in 

Scenario 2: (a) trajectory of mobile robot from initial to 

target position, (b) PI of HVO while avoiding obstacle 1 

(moving object which represents single walking human), 

(c) PI of HVO while avoiding moving object which 

represents group of walking human (obstacle 2), and (d) 

PI of HVO while avoiding moving object which 

represents another mobile robot (obstacle 3) 
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Figure. 12 Mobile robot avoids multi modal moving 

objects with loop motion by using HRVO in Scenario 1: 

(a) trajectory of mobile robot from initial to target 

position, (b) PI of HRVO while avoiding obstacle 1 

(moving object with cloverleaf path), (c) PI of HRVO 

while avoiding obstacle 2 (moving object with little circle 

path), and (d) PI of HRVO while avoiding obstacle 3 

(moving object with big circle path) 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Figure. 13 Mobile robot avoids multi modal moving 

objects with unknown trajectories by using HRVO in 

Scenario 2: (a) trajectory of mobile robot from initial to 

target position, (b) PI of HRVO while avoiding obstacle 1 

(moving object which represents single walking human), 

(c) PI of HRVO while avoiding obstacle 2 (moving 

object which represents group of walking human), and (d) 

PI of HRVO while avoiding obstacle 3 (moving object 

which represents another mobile robot) 
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Figure. 14 Mobile robot avoids multi modal moving 

objects with loop motion by using APF in Scenario 1: (a) 

trajectory of mobile robot from initial to target position, 

(b) PI of APF while avoiding moving object with 

cloverleaf path (obstacle 1), (c) PI of APF while avoiding 

moving object with little circle path (obstacle 2), and (d) 

PI of APF while avoiding moving object with big circle 

path (obstacle 3) 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Figure. 15 Mobile robot avoids multi modal moving 

objects with unknown trajectories by using APF in 

Scenario 2: (a) trajectory of mobile robot from initial to 

target position, (b) PI of APF while avoiding obstacle 1 

(moving object which represents single walking human), 

(c) PI of APF while avoiding obstacle 2 (moving object 

which represents group of walking human), and (d) PI of 

APF while avoiding obstacle 3 (moving object which 

represents another mobile robot) 
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Figure. 16 Mobile robot avoids multi modal moving 

objects with loop motion by using VFH in Scenario 1: 

(a) trajectory of mobile robot from initial to target 

position, (b) PI of VFH while avoiding moving object 

with cloverleaf path (obstacle 1), (c) PI of VFH while 

avoiding moving object with little circle path (obstacle 2), 

and (d) PI of VFH while avoiding moving object with big 

circle path (obstacle 3) 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Figure. 17 Mobile robot avoids multi modal moving 

objects with unknown trajectories by using VFH in 

Scenario 2: (a) trajectory of mobile robot from initial to 

target position, (b) PI of VFH while avoiding moving 

object with cloverleaf path (obstacle 1), (c) PI of VFH 

while avoiding moving object with little circle path 

(obstacle 2), and (d) PI of VFH while avoiding moving 

object with big circle path (obstacle 3) 
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(d) 

 
Figure. 18 Mobile robot avoids multi modal moving 

objects with loop motion by using VO in Scenario 1:  

(a) trajectory of mobile robot from initial to target 

position, (b) PI of VO while avoiding moving object with 

cloverleaf path (obstacle 1), (c) PI of VO while avoiding 

moving object with little circle path (obstacle 2), and (d) 

PI of VO while avoiding moving object with big circle 

path (obstacle 3) 
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(b) 

 

 
(c) 

 

 
(d) 

 
Figure. 19 Mobile robot avoids multi modal moving 

objects with unknown trajectories by using VO in 

Scenario 2: (a) trajectory of mobile robot from initial to 

target position, (b) PI of VO while avoiding obstacle 1 

(moving object which represents single walking human), 

(c) PI of VO while avoiding obstacle 2 (moving object 

which represents group of walking human), and (d) PI of 

VO while avoiding obstacle 3 (moving object which 

represents another mobile robot) 
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Table 4. Performance evaluation of HVO-based collision avoidance compare to APF, VFH, VO, and HRVO 

Simulation Number 

of 

Obstacles 

Modality of Moving Objects Proximity Index (PI) 

APF VFH VO HRVO HVO 

Scenario 1 3 ▪ 1st Moving object with cloverleaf path, 

▪ 2nd Moving object with little circle path, 

▪ 3rd Moving object with big circle path. 

1.14 0.63 0.37 0.44 0.14 

Scenario 2 3 ▪ 1st Moving object represents single 

walking human, 

▪ 2nd Moving object represents group of 

walking humans, 

▪ 3rd Moving object represents another 

mobile robot. 

0.51 0.33 0.4 0.33 0.2 

Average of PI 0.83 0.48 0.39 0.39 0.17 

      

      

 The snapshots of these simulations and 

performance evaluations of HVO are depicted in top 

part of Fig. 10 and Fig. 11. Safety assessment of 

HVO is reported in charts below snapshots. From 

these assessments, HVO is able to avoid all multi 

modal moving objects in both scenarios. From 

snapshots and performance evaluations that are 

showed in Fig. 12 and Fig. 13, HRVO collides with 

moving object with big circle path in scenario 1 and 

collides with single walking human in scenario 2. 

As depicted in Fig. 14 and Fig. 15, APF crashes 

with moving objects with cloverleaf, little circle 

path, and single walking human respectively. 

Snapshots and evaluation charts of VFH are 

displayed in Fig. 16 and Fig. 17. VFH hits both 

objects that move with little circle path, big circle 

path, and unknown path. While VO strikes moving 

objects with cloverleaf path and single walking 

human with unknown trajectory as reported in Fig. 

18, and Fig. 19. Table 4 records performance 

evaluations of HVO compare to HRVO, APF, VFH, 

and VO in this research.    

7. Conclusion 

 The aim of this study was to develop HVO for 

avoiding multi modal moving objects with respect to 

kinematics of mobile robot. The originality of this 

work is based on the combination of VO, RVO, and 

NLVO to avoid multi modal moving objects in the 

vicinity of robot. This work also proposes the use of 

PI index to measure safety of objects.  

 Our proposed HVO has been tested to avoid 

multi modal moving objects. There are two 

scenarios with different configuration of mobile 

robot, target and objects have been conducted in 

simulations.  

 From our simulations, HVO shows the ability to 

maintain safety of objects in mobile robot’s 

surrounding. PI has been used as measurement to 

evaluate HVO performance. Based on simulation 

results, HVO can guarantee safety of all objects in 

these two scenarios with value below 0.7 of PI index. 

It means that multi modal moving objects are 

guaranteed to be safe. For future research, we will 

deploy HVO into our transport mobile robot 

navigation system in order to operate safely in 

human environment. 

Acknowledgments 

The authors would like to acknowledge the 

opportunities and research funding support provided 

by Indonesia Endowment Fund for Education 

(LPDP), Ministry of Finance, Indonesia. 

References 

[1] M. Han, C. Lin, and K. Song, “Robotic 

Emotional Expression Generation Based on 

Mood Transition and Personality Model”, IEEE 

Transactions on Cybernetics, Vol. 43, No. 4, pp. 

1290-1303, 2013. 

[2] D. Belanche, L. V. Casalo, C. Flavian, and J. 

Schepers, “Service Robot Implementation: a 

Theoretical Framework and Research Agenda”, 

The Service Industries Journal, Vol. 40, No. 3-

4, pp. 203-225, 2020. 

[3] M. H. Al-Mufraji, T. R. Saeed, A. S. Jabbar, 

and J. W. Abdul Sadah, “Human, Robotics 

Close Motion Classification Based on the 

Micro Doppler Signature Using HSVD”,  

International Journal of Intelligent Engineering 

and Systems, Vol. 12, No. 5, pp. 85–94, 2019. 

[4] F. Rubio, F. Valero, and C. Llopis-Albert, “A 

Review of Mobile Robots: Concepts, Methods, 

Theoretical Framework, and Applications”, 

International Journal of Advanced Robotic 

Systems, Vol. 16, No. 2, pp. 1–22, 2019. 



Received:  March 9, 2020                                                                                                                                                  421 

International Journal of Intelligent Engineering and Systems, Vol.13, No.3, 2020           DOI: 10.22266/ijies2020.0630.37 

 

[5] O. Khatib, “Real-time obstacle avoidance for 

manipulators and mobile robots”, Int. J. 

Robotics Res. Vol. 5, No. 1, pp. 90–98, 1986. 

[6] J. Borenstein and Y. Koren,  “The vector field 

histogram-fast obstacle avoidance for mobile 

robots”, IEEE Trans. Robotics Autom. Vol. 7, 

Issue 3, pp. 278–288, 1991. 

[7] P. Fiorini and Z. Shiller, “Motion planning in 

dynamic environments using velocity 

obstacles”, Int. J. Robotics Res. Vol. 17, No. 7, 

pp. 760–772, 1998. 

[8] J. Snape, J. van den Berg, S.J. Guy, and D. 

Manocha, “The Hybrid Reciprocal Velocity 

Obstacle”, IEEE Trans. on Robotics, Vol. 27, 

No. 4, pp. 696 – 706, 2011. 

[9] X-T. Truong and T. D. Ngo, “Toward Socially 

Aware Robot Navigation in Dynamic and 

Crowded Environments: A Proactive Social 

Motion Model”, IEEE Trans. on Automation 

Science and Engineering, Vol. 14, No.4, pp. 

1743-1760, 2017. 

[10] E. Kelasidi, S. Moe, K. Y. Pettersen, A. M. 

Kohl, P. Liljeback, and J. T. Gravdahl, “Path 

Following, Obstacle Detection and Obstacle 

Avoidance for Thrusted Underwater Snake 

Robots”, Frontiers in Robotics and AI, Vol. 6, 

No. 57, pp.1-15, 2019. 

[11] M. H. Tanveer, C. T. Recchiuto, and A. 

Sgorbissa, “Analysis of path following and 

obstacle avoidance for multiple wheeled robots 

in a shared workspace”, Robotica, Vol. 37, 

pp.80–108, 2019. 

[12] W. Wu, H. Jia, Q. Luo, and Z. Wang, 

“Dynamic Path Planning for Autonomous 

Driving on Branch Streets with Crossing 

Pedestrian Avoidance Guidance”, IEEE Access, 

Vol. 7, pp.144720-144731, 2019. 

[13] A. Markis, M. Papa, D. Kaselautzke, and M. 

Rathmair, “Safety of Mobile Robot Systems in 

Industrial Applications”, In: Proc. of ARW & 

OAGM Workshop, pp.26-31, 2019. 

[14] L.E. Kavraki, P. Svestka, J.-C. Latombe, and 

M.H. Overmars, “Probabilistic roadmaps for 

path planning in high-dimensional 

configuration spaces”, IEEE Trans. on Robotics 

and Automation, Vol. 12, No. 4, pp. 566—580, 

1996. 

[15] M. Samuel, M. Hussein, and M. Binti, “A 

Review of some Pure-Pursuit based Path 

Tracking Techniques for Control of 

Autonomous Vehicle”, International Journal of 

Computer Applications, Vol. 135, No. 1, pp.35-

38, 2016. 

 


