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Abstract: The need for mobile robots that can operate in the human environment is increasing during the Covid-19 

pandemic. To accomplish this task, robot navigation must be supported by collision avoidance to maintain human 

safety and comfort. Collision avoidance methods generally only maintain a safe distance from surrounding objects. 

Some methods that provide comfort still have difficulty in overcoming pedestrians that move with unexpected direction, 

changing speed, and unknown trajectories. This paper proposes Hybrid Velocity Obstacle-based modified Headed 

Social Force Model (HVO-based modified HSFM) to avoid disturbed groups of pedestrians while navigating in the 

complex and dense workspace. HVO is used to calculate linear and angular velocities to avoid obstacles with nonlinear 

trajectories. The linear velocity that computed by HVO acts as desired velocity for generating target force of modified 

HSFM that drive robot to target location. While interaction force of modified HSFM that guide robot to circumvent 

obstacles is determined by static and moving objects in the surrounding of robot. The angular velocity from HVO is 

used to produce steering command to avoid collision. For evaluating the proposed method, several simulation scenarios 

had been run by implementing HVO-based modified HSFM into a two-wheeled differential-steering mobile robot that 

navigate in the indoor human environment. The results show that our approach is capable to avoid collision by 

maintaining safety and comfort with disturbed groups of pedestrians with average value 0.14 of Threat Level Index 

(TLI) from two scenarios. It is envisioned that proposed method can be implemented into real transport robot that 

operate in human environment. 

Keywords: Differential-steering wheeled mobile robot, Disturbed groups of pedestrians, Headed social force model, 

Hybrid velocity obstacles, Collision avoidance, Nonlinear trajectories. 

 

 

1. Introduction 

The world regular living has changed because of 

Corona virus (COVID-19) pandemic. It is 

influencing how to give our services and how to get 

our needs. This pandemic is causing us to reconsider 

the safety protocols of everyday processes by 

prioritizing public health. Safer work environments 

can be constructed by utilizing robotics. Some areas 

that can use robots to fight this global disease are 

cleaning, manufacturing, logistics, healthcare, and 

telepresence [1]. For responding to potential supply-

chain disruptions, robot can play an essential part of 

daily activities by taking parts as reliable logistics 

fleet. Mobile robots are used to deliver packages to 

their target destinations [2]. To be able to do this, the 

robot must be equipped with the ability to navigate 

near humans by maintaining safety and comfort [3]. 

Navigation can maintain these factors because of the 

support of collision avoidance. 

There are several collision avoidance approaches 

proposed in the literatures. Artificial Potential Field 

(APF) based on attractive and repulsive force that has 

been modified were implemented for collision 

avoidance strategy of AUV and mobile robot 

respectively in [4] and [5]. Some improvements on 

Vector Field Histogram (VFH) were applied to direct 

the obstacle avoidance movement of mobile robot 

with laser scanner [6] and microrobot [7]. An effort 

to integrate LIDAR sensor to provide steering 

command on Velocity Obstacles (VO) was explored 
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in [8] to support navigation function for Autonomous 

Indoor Vehicle (AIV).  

An application of VO into path planning of 

autonomous vehicles guidance for avoiding static 

lane edges, crossing pedestrian and other vehicles 

was investigated in [9]. Reciprocal Velocity 

Obstacles (RVO) was used to support Deep 

Reinforcement Learning for avoiding agents collision 

in a crowd navigation [10, 11]. For handling collision 

avoidance of mobile robot that navigate in close 

proximity to human and other multi modal moving 

objects, Hybrid Velocity Obstacles (HVO) was 

presented in [12]. Although these algorithms can 

maintain safety, they still need to preserve human 

comfort so that the robot can operate in the human 

environment appropriately. 

Another approach considers human 

psychological comfort for single human and group of 

pedestrians. Intentionally, people tend to walk 

together as a group. Therefore, it is necessary to 

explore how to pay attention to group comfort. In 

order to enhance the realism of generated trajectories, 

Headed Social Force Model (HSFM) was introduced 

in [13] by considering the behavior of people while 

walking in a group.  

Generally, these previous studies had assumption 

that obstacles move with constant velocities. 

Research to explore group of pedestrians as 

uncooperative moving obstacles that changing their 

direction or speed is still rare and it need to be 

developed. In reality, group of walking humans can 

have acceleration or deceleration because of they had 

been disturbed by some condition. Hence, no 

previous approaches had considered nonlinearity in 

the trajectory of dynamic changing moving group of 

humans.  

This paper aims to develop collision avoidance 

system for avoiding disturbed groups of pedestrians 

with respect to kinematics and dynamics of mobile 

robot by presenting HVO-based modified HSFM. 

The rest of this paper is organized as follows. 

Contributions of this paper are described in section 2. 

The state of the arts in collision avoidance are 

reviewed in section 3. Section 4 presents disturbed 

groups of pedestrians. Section 5 defines the proposed 

collision avoidance system used in this research. 

Section 6 evaluates the proposed approach in 

simulations with two scenarios. Section 7 concludes 

this paper. 

2. Contributions 

The main contributions of this paper are 
• Local path planner combines Pure Pursuit and 

HVO-based modified HSFM to handle path 

following and collision avoidance. This research 
contributes to utilizing HVO for providing 
steering command and desired velocity of 
modified HSFM to avoid static and moving 
humans that exist in the vicinity of robot by 
maintaining human safety and comfort with 
respect to kinematics and dynamics of mobile robot. 
Unlike previous studies, this research considers 
maintaining safety and comfort of more complete 
obstacles modalities including static pedestrians, 
individual pedestrian, normal groups of pedestrians, 
and disturbed groups of pedestrians. This proposed 
collision avoidance system is evaluated using real 
and rare problems. 

• Global path planner of proposed collision 
avoidance system exploits Probabilistic Road Map 
(PRM) planner to generate random desired path 
from initial to target pose for each moving object in 
simulation. This method application is unique and 
more realistic compare to previous research which 
based on a fixed set of waypoints. 

• Structure of mobile robot navigation system adopts 
switching strategy between path following and 
collision avoidance to generate linear and angular 
velocity reference. By separating global path 
planner and local path planner, navigation structure 
becomes more detailed and computation is faster 
because the system does not have to do replanning 
when environment change. It also differs from 
other investigations which based solely on velocity 
or orientation for controlling mobile robot 
movement. The output of this strategy, linear and 
angular velocities references, can be simply applied 
to real robot. 

3. Related works 

Comparison of several collision avoidance 

approaches based on modalities, kinematics / 

dynamics, control, and their impact on safety / 

comfort are summarized in Table 1.   

An interesting strategy to separate global path 

planner from local path planner was explored in [8]. 

Probabilistic Road Map (PRM) planner was used as 

global path planner. While Pure Pursuit (PP) and 

Modified Steering Velocity Obstacles (MSVO) were 

employed as local path planner by relying on sensor 

reading for planner selection. A related indoor 

navigation system was presented in [12] by replacing 

MSVO with HVO that acts as local path planner for 

handling multi modal moving obstacles. This paper 

adopts the simplicity of navigation structure as 

proposed in [8] and [12] by substituting MSVO and 

HVO with HVO-based modified HSFM as collision 
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avoidance method in local path planner. This strategy 

generates the desired path once it gets information 

about initial and target pose. 
This global path is calculated by considering 

environment boundary, static, and moving objects in 
the surrounding of robot. Computation burden can be 
reduced by doing global path planning only once. The 
other advantage of this proposed switching strategy is 
that the system produces linear and angular velocities 
with respect to kinematics and dynamics of mobile 
robot which can be directly applied to the real plant. 
 A fixed set of waypoints was utilized in [9] to direct 
pedestrian toward destination position. While in [5] 
robot was commanded to cross from one initial point 
to target point. An interesting way to generate random 
set of desired paths by applying PRM was explored in 
[8] and [12]. This probabilistic algorithm was 
implemented in all moving objects that exist in the 
environment to be closer to reality. This approach is 
taken in this study in order to make the simulation 
more realistic because humans move with their 
random trajectory [14]. 

Several studies in collision avoidance considered 
to maintain safe distance with static objects only such 

as in [5] and [8]. The others manage to avoid static and 
moving objects safely [4, 6, 7, 9]. Some of these 
studies more concern to keep comfort of pedestrian as 
individual [9] and [12]. As in [15], it stated that 
humans tend to move in group. To answer this 
requirement, other studies added comfort of group as 
their duty to maintain, such as examined in [10-13].  

In general, these studies assume that the speed 

and direction of pedestrians, both individuals and 

groups, are always constant except in [12]. The speed 

and direction change in [12] were happened to 

represent human avoiding behaviour. This behaviour 

can also appear in catch-up situation. This situation 

occurred among groups of pedestrians with the same 

directions at the narrow corridor when the front group 

is overtaken by the rear group. According to [16], 

people walk faster not only because of motivation to 

overtake but rather it occurs when personal space is 

invaded by disturbance. Research in 

pedestriancollision avoidance for mobile robot that 

involve groups of pedestrians with changeable 

velocities triggered by distraction is still rare. This 

research proposes a method to avoid group of moving 

Table 1. Comparison of some studies on collision avoidance 

Approach 
Obstacles Modalities 

Kinematics / 

Dynamics 

Control Safety / Comfort 

APF [4] Static and moving No  𝑣 Safety 

APF [5] Static  No 𝜃 Safety  

VFH[6] Static and moving No  𝜃 Safety 

VFH [7] Static and moving Kinematics  𝜃 Safety 

Modified-steering VO 

[8] 

Static  Kinematics 𝑣, 𝜔 Safety 

VO [9] Static and moving, single 

pedestrian 

Kinematics  𝑣 Safety 

RVO [10],[11] Static, dynamic, group of 

agents 

No  𝑣 Safety 

HVO [12] Static, nonlinear 

trajectory moving 

objects, single pedestrian, 

group pedestrian 

Kinematics 𝑣, 𝜔 Safety 

HSFM [13] Group pedestrian Kinematics/ 

dynamics of 

pedestrian 

𝑣 Comfort 

HVO-based Modified 

HSFM, the proposed 

method 

Disturbed groups of 

pedestrians 

Kinematics/ 

dynamics  

𝑣, 𝜔 Safety, Comfort 
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objects with fluctuating speed and direction. In this 

paper, people that walk with changes in speed and 

direction because of some disturbances are called 

disturbed groups of pedestrians.  

4. Disturbed groups of pedestrians 

Mobile robot that operates in indoor environment 

must have the capability to avoid collision with static 

objects, static human, and pedestrians. This scenario 

is illustrated in Fig. 1. 

This mobile robot has to transport some stuff to 

certain target location by providing safety and 

comfort of human in the vicinity of robot. The dashed 

boundary of each grey objects show the area of a 

safety and comfort standard that must be avoided by 

robot. An indoor human environment, such as hall, 

may contain static and moving humans. Static 

humans comprise of human-object interaction and 

group of static humans in face-to-face formation. 

Moving humans involve single pedestrian, group of 

pedestrians with normal velocity, and disturbed 

group of pedestrians.  

Disturbed groups of pedestrians that have been a 

concern of this study are type of pedestrians that walk 

with faster velocities than normal pedestrians. Their 

characters are the same with single pedestrian in that 

they move with changeable velocities and nonlinear 

trajectories. Human properties as individual is 

illustrated in Fig. 2.  

Individual human can be described by human pose in 

X-Y coordinate [𝑥ℎ𝑖, 𝑦ℎ𝑖 , 𝜓ℎ𝑖]𝑇 , velocity 𝑣ℎ𝑖 ,  

acceleration 𝑎ℎ𝑖 and radius of the-ith individual 

human body 𝑟ℎ𝑖 that can be affected by arms reached 

or helping devices as formulated as follows: 

 

𝐒ℎ𝑖 =  [𝑥ℎ𝑖, 𝑦ℎ𝑖, 𝜓ℎ𝑖, 𝑣ℎ𝑖, 𝑎ℎ𝑖, 𝑟ℎ𝑖]𝑇 (1) 

 

This representation of individual human is different 

from previous study in [12] that acknowledged 

obstacle object in the form of human as point-mass 

that can move in arbitrary direction [𝑥𝑜 𝑦𝑜 𝜓𝑜]𝑇. 

Furthermore, this study exploits more flexible 

property to symbolize the outer border of human 

body by using the radius of body coverage 𝑟ℎ𝑖. In real 

life, the radius of human body coverage can be 

varying. It should not only be measured by position 

of their hands, but also may include some devices that 

people with disabilities used such as cane, crutches or 

wheelchair. Therefore, the outer border of human 

body is measured from the center of human body to 

the position of hands or other helping devices that 

denoted by  𝑟ℎ𝑖 that can be affected by arms reached 

or helping devices as formulated as follows: 

 

Human can interact with static object in the 

environment. Some static objects in the environment  

are information board, paint, and screen display. 

Fig.3 illustrates human-object interaction (HOI).  

This interaction forms a state as follows: 

 

𝐒ℎ−𝑠𝑜𝑚
= [𝑥ℎ−𝑠𝑜𝑚

, 𝑦ℎ−𝑠𝑜𝑚
, 𝑟ℎ−𝑠𝑜𝑚

]
𝑇
 (2) 

 

where (𝑥ℎ−𝑠𝑜𝑚
, 𝑦ℎ−𝑠𝑜𝑚

)  represents the mth center 

point of HOI area. While radius of this area is denoted 

by 𝑟ℎ−𝑠𝑜𝑚
. Centre point and radius of HOI area can 

XG 

YG 

OG 
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𝑇 
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 be calculated using following equations:  

 

(𝑥ℎ−𝑠𝑜𝑚
, 𝑦ℎ−𝑠𝑜𝑚

) = (𝑥𝑠𝑜, 𝑦𝑠𝑜) 

 

 

(3) 

𝑟ℎ−𝑠𝑜𝑚
= √(𝑥𝑠𝑜 − 𝑥ℎ)2 + (𝑦𝑠𝑜 − 𝑦ℎ)2 (4) 

 

It assumes that location of static object  (𝑥𝑠𝑜, 𝑦𝑠𝑜)  is 

positioned at the center of HOI area. Therefore, 

center point of this interaction should be at the 

position of the static object itself.  

Each individual human is assumed to has four 

distance zones such as depicted in Fig. 4. This study 

proposes ellipse-based regions for realizing these 

zones. These regions have concern on forward and 

backward direction more than on side direction. It is 

useful especially when human move in narrow space. 

In relation to others, human tends to involve in social 

interaction group. Social interaction between human 

with immobile condition forms a face-to-face 

formation. This formation is known as F-Formation 

[19]. In connection with human safety and comfort, 

there are three important aspects that have to be 

concerned in F-Formation  such displayed in Fig. 5. 

O-space is the depest area in this formation. This area 

represents a personal zone of each members of F-

Formation. While p-space denotes an area which is 

occupied by human for interaction. Whereas the area 

outside p-space that has to be concerned as the source 

of safety and comfort, is denoted as r-space. Social 

zone of each member of formation is represented by 

r-space.  

The geometry of human locomotion on this study 

is approximated by non-holonomic model such as 

explored in [17] because most of time humans tend to 

move forward. 

Human locomotion based on non-holonomic 

model can be described as follows: 

 

[

�̇�ℎ

�̇�ℎ

�̇�ℎ

] = [
cos 𝜓ℎ 0
sin𝜓ℎ 0

0 1

] [
𝑣ℎ

𝜔ℎ
] (5) 

 

where human velocity𝐯ℎ = [𝑣ℎ 𝜔ℎ]𝑇. Pose of 

shoulder midpoint is denoted by [𝑥ℎ , 𝑦ℎ , 𝜓ℎ]𝑇  as 

representation of human in global coordinate. This 

equation can construct configuration transition of 

human from body to global coordinate. 

Forward kinematics model of non-holonomic 

human locomotion is represented as follows:  

 

[
𝑣ℎ

𝜔ℎ
] = 𝑟ℎ [

1
2⁄ 1

2⁄

1
𝑑ℎ

⁄ − 1
𝑑ℎ

⁄
] [

�̇�𝑅
ℎ

�̇�𝐿
ℎ

] (6) 

 

where human footstep  𝑟ℎ , body diameter 𝑑ℎ , speed 

of human footstep �̇�ℎ = [�̇�𝑅
ℎ �̇�𝐿

ℎ]𝑇  are used to 

steer human movement by affecting its linear and 

angular velocity 𝐯ℎ.  

In other way, inverse kinematics can be used to 

obtain speed of human footstep �̇�ℎ from its linear and 

angular velocity 𝐯ℎ as defined as follows:  

 

[
�̇�𝑅

ℎ

�̇�𝐿
ℎ

] =
1

𝑟ℎ

[
1

𝑑ℎ
2

⁄

1
−𝑑ℎ

2⁄
] [

𝑣ℎ

𝜔ℎ
] (7) 

 

Human as individual or in a group tends to walk 

with certain velocity. This velocity can be changed 

because of influence of their surrounding objects. 

This study uses HSFM [13] to model forces that have 

influence on human movement. Based on HSFM, 

change on human velocity can be calculated as 

follows 

 

𝑎ℎ(𝑘) =
1

𝑚ℎ

𝐅ℎ
𝐻𝑆𝐹𝑀(𝑘) 

(8) 

𝑣ℎ
∗(𝑘) = 𝑣ℎ(𝑘) + 𝑎ℎ(𝑘)𝑇 (9) 

 

where acceleration of human 𝑎ℎ(𝑘)  can be 

obtained by providing human body mass 𝑚ℎ  and 

total force 𝐅ℎ
𝐻𝑆𝐹𝑀(𝑘) that act on human. The actual 

velocity of pedestrian is denoted by 𝑣ℎ(𝑘). Discrete 
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Social:1.2 – 3.6 m 

Public: > 3.6 m 

Figure.4 Interpersonal distance of individual 

human 

r-space 

 p-space 

 
 o-space 

Figure.5 Important spaces in F-

Formation 
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time interval while acceleration 𝑎ℎ(𝑘)  happen is 

symbolized by  𝑇 . The new actual velocity of 

pedestrian is expressed by 𝑣ℎ
∗(𝑘). 

This approach consists of attractive force  𝐅ℎ−𝑡𝑎𝑟
𝑎𝑡𝑡  

and some repulsive forces 𝐅ℎ−𝑜𝑏𝑠
𝑟𝑒𝑝

 as formulated as 

follows: 

 

𝐅ℎ
𝐻𝑆𝐹𝑀 = 𝐅ℎ−𝑡𝑎𝑟

𝑎𝑡𝑡 + ∑ 𝐅ℎ−𝑜𝑏𝑠
𝑟𝑒𝑝

 
(10) 

 

The location of interest results attractive force 

𝐅ℎ−𝑡𝑎𝑟
𝑎𝑡𝑡 that motivate human to approach. Time-

constant 𝐾ℎ
𝑣 is needed for moving from current actual 

velocity 𝑣ℎ
𝑎𝑐𝑡  to desired velocity 𝑣ℎ

𝑑𝑒𝑠 . Equation to 

obtain attractive force is described as follows: 

 

𝐅ℎ−𝑡𝑎𝑟
𝑎𝑡𝑡 = 𝐾ℎ

𝑣(𝑣ℎ
𝑑𝑒𝑠 − 𝑣ℎ

𝑎𝑐𝑡) (11) 

 

The sum of repulsive force ∑ 𝐅ℎ−𝑜𝑏𝑠
𝑟𝑒𝑝

are affected by 

static obstacle objects 𝐅ℎ−𝑠𝑜
𝑟𝑒𝑝

 and other static or 

moving human 𝐅ℎ−𝑜ℎ
𝑟𝑒𝑝

 as described as follows:  

 

∑ 𝐅ℎ−𝑜𝑏𝑠
𝑟𝑒𝑝

= 𝐅ℎ−𝑠𝑜
𝑟𝑒𝑝

+ 𝐅ℎ−𝑜ℎ
𝑟𝑒𝑝

 
(12) 

 

In general, repulsive force is defined as follows:  

 

𝐅ℎ−𝑜𝑏𝑠
𝑟𝑒𝑝

= 𝐾ℎ
𝑠𝑡𝑟 exp (

(𝑟ℎ−𝑜𝑏𝑠 − 𝑑ℎ−𝑜𝑏𝑠)

𝐾
ℎ

𝑟𝑛𝑔 ) 𝒏ℎ−𝑜𝑏𝑠

+  𝐾ℎ
𝑐𝑚𝑝

g(𝑟ℎ−𝑜𝑏𝑠 − 𝑑ℎ−𝑜𝑏𝑠) 𝒏ℎ−𝑜𝑏𝑠

+  𝐾ℎ
𝑓𝑟𝑖

g(𝑟ℎ−𝑜𝑏𝑠

− 𝑑ℎ−𝑜𝑏𝑠) Δ𝑣𝑜𝑏𝑠−ℎ
𝑡 𝐭ℎ−𝑜𝑏𝑠 

(13) 

 

 

Repulsive force  𝐅ℎ−𝑜𝑏𝑠
𝑟𝑒𝑝

  that push human to evade, 

consists of 𝐾ℎ
𝑠𝑡𝑟as a constant that represents strength. 

𝐾ℎ
𝑟𝑛𝑔

  states a constant that defines range of social 

interaction. If human and objects in its 

environmentthat assumed to be circle then total 

radius of boths are declared as  𝑟ℎ−𝑜𝑏𝑠  and distance 

between boths center point are notated as  𝑑ℎ−𝑜𝑏𝑠 . 

Normalization vector that pointing from obstacle 

objects to human is denoted by  𝒏ℎ−𝑜𝑏𝑠. Constant of 

body compression and friction are described by 

𝐾ℎ
𝑐𝑚𝑝

 and 𝐾ℎ
𝑓𝑟𝑖

 respectively. Tangential velocity 

difference is represented by Δ𝑣𝑜𝑏𝑠−ℎ
𝑡  . Tangential 

direction is expressed by  𝐭ℎ−𝑜𝑏𝑠 . Repulsive force for 

each term will be described in the next section. 

Beside gathering in static mode as known as F-

Formation, human can also form social groupings 

comprise of two or more individuals to move together. 

Group of humans that walking together is known as 

mobile formation [20]. Groups of pedestrians may 

manage to start or stop walking together at different 

times, maintain their relative movement at different 

speeds, and change mobile trajectories. 

Human as individual pedestrian or human in 

groups of pedestrians usually walk in normal speed 

1.3 m/s with their random path. This study applies 

PRM to generate random set of desired paths of each 

moving object in the environment including object 

that represent walking human or pedestrian.  

There are several inputs need to be provided to 

generate random path with PRM as illustrated in Fig. 

6. Environmental map of robot workspace is the first 

input that act as the basis information to generate 

some nodes randomly. A roadmap of interconnected 

nodes can be created based on number of nodes and 

distance between nodes. By supplying initial and 

target position of each moving object as the second 

and the third inputs, a nonlinear path [𝑥ℎ(𝑘), 𝑦ℎ(𝑘)] 
of interrelated nodes from start to goal point of this 

roadmap can be produced. Preprocessing phase of 

PRM that used in this study is described in Algorithm 

1. Different with previous studies in [8] and [12], this  

study proposes to modify distance r that connect each 

node to be a function of the number of node samples 

n by introducing Scaled(n). This function replaces the 

way of previous studies that define distance r as 

constant value with log(n) that proportionally relate 

to number of node samples.  

The result of two separate running sessions of 

PRM application in generating random path with the 

same pairs of initial and target position are depicted 

in Fig. 7. 

The upper one is the result of original PRM. The 

bottom is the result of modified PRM. These results 

are produced from the same amount of node samples. 
Speed and direction of pedestrians can change when 

obstacles are disturbed physically. Therefore, 

repulsive forces  ∑ 𝐅ℎ−𝑜𝑏𝑠
𝑟𝑒𝑝

  affect this condition. 

Their speed and trajectories can vary also because of 

psychological disturbance. Thus, attractive force 

𝐅ℎ−𝑡𝑎𝑟
𝑎𝑡𝑡   has influence in this situation. 

This study introduces a new problem facing by 

mobile robot that operate in human environment in 

the form of disturbed groups of pedestrians that 

change their speed and direction because of or 

psychologically disturbance. Our modified HSFM is 

not designed to proactively anticipate speed and 

direction change of pedestrians. This research 

proposes to integrate HVO into modified HSFM to 

avoid disturbed groups of pedestrians by maintaining 

safety and comfort of static or moving human in the 
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surrounding of mobile robot. Details of collision 

avoidance system with HVO-based modified HSFM 

will be described in the following section. 

 

 

5. Proposed collision avoidance system 

Collision avoidance system is designed by 

considering kinematics and dynamics of mobile robot 

with respect to safety and comfort distance of static 

human, single pedestrian, group of pedestrian, and 

disturbed groups of pedestrians in the robot 

environment.  

5.1 Structure of collision avoidance system 

This study proposes indoor navigation system 

based on trajectory tracking equipped with collision 

avoidance system with respect to kinematics and 

dynamics of two wheeled differential-steering mobile 

robot such as described in Fig. 8. 

Desired mobile robot pose that acts as reference,  

𝐏𝑑 = [𝑥𝑑 𝑦𝑑 𝜓𝑑]𝑇 , is generated by PRM path 

planner. It connects initial to target position by a set 

of waypoints that randomly generated. The 

waypoints have to be tracked by mobile robot. Actual 

mobile robot pose is denoted by 𝐏𝑟 =
[𝑥𝑟 𝑦𝑟 𝜓𝑟]𝑇. Obstacle pose is expressed by  𝐏𝑜 =
[𝑥𝑜 𝑦𝑜 𝜓𝑜]𝑇 . Desired robot pose, human pose, 

and actual robot pose are used to calculate velocity 

command either for tracking or collision avoidance 

purposes. 

Humans that exist in the environment includes 

static human, moving human as single pedestrian, 

group of pedestrians, and disturbed groups of 

pedestrians as described in the previous section are 

acted as obstacles. Although humans are included in 

obstacles, robot have to maintain safety and comfort 

of humans while it navigates from initial to target 

position. Standard of safety and comfort distance are 

presented in the next sub sections. 

 

5.2 Standard of safety and comfort distance 

 
Obstacles radii are measured from their center to 

the outer border of each objects. Beyond this 

dimension, there are several layers of interpersonal 

distances of human as described in previous section 

that need attention in order to maintain safety and 

comfort. Violation in certain distance will threaten 

their physical safety. Disturbance in specified 

distance will distract their psychological comfort. 

This research proposes Threat Level Index (TLI) 

to evaluate the safety and comfort distance for each 

 
object existing in the environment as follows: 

 

𝑇𝐿𝐼 = 𝑒−
𝑑𝑟−𝑜

𝜎  (14) 

 

Algorithm 1: PRM in preprocessing phase with 

distance between connected nodes as function of node 

samples. 

1. V∅; E∅; 

2. for i = 1, …, n do 

3.  𝐩ℎ
𝑟𝑎𝑛𝑑  Sample_no_collisioni; 

4.  U  Near(G=(V,E), 𝐩ℎ
𝑟𝑎𝑛𝑑 , Scaled(n)); 

5.  V  V ∪ {𝐩ℎ
𝑟𝑎𝑛𝑑}; 

6.  foreach u ∈ U,minargs||u - 𝐩ℎ
𝑟𝑎𝑛𝑑 ||do 

7.   if (𝐩ℎ
𝑟𝑎𝑛𝑑,u)∉ E then 

8.    if No_Collision(𝐩ℎ
𝑟𝑎𝑛𝑑, u)then 

9.     E  E ∪{(𝐩ℎ
𝑟𝑎𝑛𝑑,u),(u,𝐩ℎ

𝑟𝑎𝑛𝑑)}; 

10. return G =(V,E); 

  
 

 
Figure.7 Random path of original and modified PRM 

PRM  

Path 

Genera-

tor 

Map 

Initial  
𝐏ℎ

𝑖 

Target  
𝐏ℎ

𝑡  

𝑥ℎ(𝑘) 

𝑦
ℎ

(𝑘) 

Figure.6 PRM is used to generate 

random path of walking human 
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This evaluation index comparing between the 

standard deviation 𝜎  and actual distance of each 

object to mobile robot  𝑑𝑟−𝑜. The standard deviation 

𝜎 is defined at 0.65 m. This parameter value provides 

enough space for mobile robot to manoeuvre. Actual 

distance between mobile robot and objects 𝑑𝑟−𝑜  is 

determined by using Euclidean distance. A safety 

standard is defined at 0.5 m or equal with 0.46 of TLI. 

A comfort standard is stated at 0.8 m or equal with 

0.29 of TLI. These values represent close and far 

phase of personal distance [18] respectively. They are 

also suitable with physical distancing program in 

pandemic era. The smaller TLI value means the safer 

and more comfort condition are. Object safety and 

comfort is threatened when TLI value greater than 

0.46. 

 

5.3 Kinematics and dynamics of mobile robot 

 

 This research uses a two wheeled differential-

steering mobile robot to deliver a task from its initial 

to target position in indoor environment. The robot 

posture in the Cartesian coordinate system is depicted 

in Fig. 9. The width of robot is expressed as d. The 

centre of left-right wheel axis is denoted as C.

 The centre of mass is described as G. This point 

represents robot in the global X-Y coordinate. Left 

and right motors rotate wheels with diameter 2𝑟 . 

Mobile robot pose and its configuration transition are 

denoted as follows: 

  

𝐏𝑟 = [𝑥𝑟 , 𝑦𝑟, 𝜓𝑟]𝑇 , (15) 

 

�̇�𝑟 = [�̇�𝑟, �̇�𝑟 , �̇�𝑟]𝑇 (16) 

 

where robot position is expressed by [𝑥𝑟, 𝑦𝑟]𝑇  and 

orientation is symbolized by 𝜓𝑟 . Configuration 

transition of robot pose from body to global 

coordinate is stated as follows: 

 

[

�̇�𝑟

�̇�𝑟

�̇�𝑟

] = [
cos 𝜓𝑟 0
sin𝜓𝑟 0

0 1

] [
𝑣𝑟

𝜔𝑟
] (17) 

 

where mobile robot velocity 𝐯𝑟 = [𝑣𝑟 𝜔𝑟]𝑇 causes 

the change in its pose in global coordinate  

�̇�𝑟 = [�̇�𝑟, �̇�𝑟 , �̇�𝑟]𝑇. Forward kinematics model is 

defined as follows: 

 

[
𝑣𝑟

𝜔𝑟
] = 𝑟 [

1
2⁄ 1

2⁄

1
𝑑⁄ − 1

𝑑⁄
] [

�̇�𝑅
𝑟

�̇�𝐿
𝑟

] (18) 

 

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

𝑟]𝑇  are 

employed to drive mobile robot based on its wheel 

radius r and width of robot d by affecting its linear  

𝑣𝑟 and angular velocity  𝜔𝑟. 

Wheel speeds  �̇�𝑟  can be obtained from linear 

and angular velocity 𝐯𝑟  by applying inverse 

kinematics as follows:  

 

[
�̇�𝑅

𝑟

�̇�𝐿
𝑟

] =
1

𝑟
[
1 𝑑

2⁄

1 −𝑑
2⁄

] [
𝑣𝑟

𝜔𝑟
] (19) 

 

Eulerian integration is used to update robot pose as 

follows:  

 

Figure.8 Structure of indoor navigation 

system 
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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)

] 
(20) 

 

 

Dynamic model of mobile robot can be expressed 

using Newton-Euler as follows:  

𝐅𝑟 = 𝑚𝑟𝑎𝑟 = 𝑚𝑟�̇�𝑟 ,  (21) 

 

       𝐍𝑟 = 𝐼𝑟�̇�𝑟 (22) 

 

�̇�𝑟 =
1

𝑚𝑟𝑟
(𝜏𝑅 + 𝜏𝐿) 

 

(23) 

 

�̇�𝑟 =
𝑑

𝐼𝑟𝑟
(𝜏𝑅 − 𝜏𝐿) 

 

(24) 

 

where total force that acts on robot at its center of 

gravity is represented by 𝐅𝑟, total torque is denoted 

by 𝐍𝒓 , mass of robot body is symbolized by  𝑚𝑟 , 

acceleration is declared as 𝑎𝑟 , inertia of robot is 

stated as 𝐼𝑟 , torque of right and left motor are 

described as 𝜏𝑅 and 𝜏𝐿 respectively. 

 

5.4 LIDAR Sensor 

 

Mobile robot was equipped with simulated 

LIDAR (light detection and ranging) scan. It has max 

sensing range of 20 m. The horizontal field of view is 

360⁰ with resolution 12⁰ as depicted in Fig. 10. It 

generates ranges reading ds that measured from the 

sensor to obstacles in the environment with respect to 

its specification. 
5.5 Velocity command selection 

 

Velocity command selects to activate one of two 

method between tracking and collision avoidance for 

generating appropriate velocity by using Algorithm-

2. It is switched based on lidar scan ds at objects in 

the surrounding of robot. Collision avoidance will 

activate if LIDAR scan ranges reading ds less than 

alert distance da.  

 

Algorithm 2: LIDAR-based velocity command 

selection. 

1. if ds < da 

2.  HVO_modHSFM() 

3. else 

4.  PurePursuit() 

 

5.6 Pure pursuit velocity command 

 

For path following purposes, a tracking method 

named Pure Pursuit (PP) is used to guide robot 

movement from initial to target position. These two 

values are a part of waypoints 𝐏𝑑  as one of 

parameters required by PP. The other parameters are 

look ahead distance, desired linear velocity, and 

maximum angular velocity. Based on these 

parameters, PP computes the linear  𝑣𝑐𝑚𝑑
𝑝𝑓

  and 

angular velocity  𝜔𝑐𝑚𝑑
𝑝𝑓

  as velocity command 𝐯𝑐𝑚𝑑
𝑝𝑓

 

for path following commands to reach a look-ahead 

point in front of the robot by giving the actual pose of 

the robot 𝐏𝑟 as input. 

 

5.7 HVO-based modified HSFM velocity 

command 

 

This research proposes a modified version of 

HSFM model based on HVO for collision avoidance 

purposes with respect to safety and comfort of human 

in the surrounding of robot. HSFM that is used by 

mobile robot 𝐅𝑟
𝐻𝑉𝑂−mod𝐻𝑆𝐹𝑀  consists of some 

repulsive forces 𝐅𝑟−𝑜𝑏𝑠
𝑟𝑒𝑝

 and attractive force 𝐅𝑟−𝑡𝑎𝑟
𝑎𝑡𝑡  as 

formulated as follows: 

 

𝐅𝑟
𝐻𝑉𝑂−𝑚𝑜𝑑𝐻𝑆𝐹𝑀 = ∑ 𝐅𝑟−𝑜𝑏𝑠

𝑟𝑒𝑝
+ 𝐅𝑟−𝑡𝑎𝑟

𝑎𝑡𝑡  (25) 
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Figure.9 Configuration of mobile robot 
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This study proposes modified terms in sum of 

repulsive forces that are different from pedestrian’s 

interaction 𝐟𝑖
𝑒 = 𝐟𝑖

𝑝
+ 𝐟𝑖

𝑤  in [13] that include 

repulsive forces 𝐟𝑖
𝑝

 exerted on individual i by other 

pedestrian and by stationary obstacles in environment 

𝐟𝑖
𝑤 such as walls. This study assumes that the sum of 

repulsive force ∑ 𝐅𝑟−𝑜𝑏𝑠
𝑟𝑒𝑝

  are affected not only by 

static obstacle objects 𝐅𝑟−𝑠𝑜
𝑟𝑒𝑝

 and other single static or 

moving human 𝐅𝑟−𝑠ℎ
𝑟𝑒𝑝

, but also influenced by human-

object interaction 𝐅𝑟−ℎ𝑜𝑖
𝑟𝑒𝑝

 and interaction with group 

of human 𝐅𝑟−𝑔ℎ
𝑟𝑒𝑝

 as described as follows: 

 

∑ 𝐅𝑟−𝑜𝑏𝑠
𝑟𝑒𝑝

= 𝐅𝑟−𝑠𝑜
𝑟𝑒𝑝

+ 𝐅𝑟−𝑠ℎ

𝑟𝑒𝑝
+ 𝐅𝑟−ℎ𝑜𝑖

𝑟𝑒𝑝

+ 𝐅𝑟−𝑔ℎ
𝑟𝑒𝑝

 
(26) 

 

Repulsive force of static obstacle objects is described 

as follows: 

 

𝐅ℎ−𝑠𝑜
𝑟𝑒𝑝

= 𝐾ℎ
𝑠𝑡𝑟 exp (

(𝑟ℎ−𝑠𝑜 − 𝑑ℎ−𝑠𝑜)

𝐾
ℎ

𝑟𝑛𝑔 ) 𝒏ℎ−𝑠𝑜

+ 𝐾ℎ
𝑐𝑚𝑝

g(𝑟ℎ−𝑠𝑜 − 𝑑ℎ−𝑠𝑜) 𝒏ℎ−𝑠𝑜

+ 𝐾ℎ
𝑓𝑟𝑖

g(𝑟ℎ−𝑠𝑜 − 𝑑ℎ−𝑠𝑜) Δ𝑣𝑠𝑜−ℎ
𝑡 𝐭ℎ−𝑠𝑜 

(27) 

 

Repulsive force of single static or moving human 

is formulated as follows: 

 

𝐅ℎ−𝑠ℎ
𝑟𝑒𝑝

= 𝐾ℎ
𝑠𝑡𝑟 exp (

(𝑟ℎ−𝑠ℎ − 𝑑ℎ−𝑠ℎ)

𝐾
ℎ

𝑟𝑛𝑔 ) 𝒏ℎ−𝑠ℎ

+  𝐾ℎ
𝑐𝑚𝑝

g(𝑟ℎ−𝑠ℎ − 𝑑ℎ−𝑠ℎ) 𝒏ℎ−𝑠ℎ

+  𝐾ℎ
𝑓𝑟𝑖

g(𝑟ℎ−𝑠ℎ − 𝑑ℎ−𝑠ℎ) Δ𝑣𝑠ℎ−ℎ
𝑡 𝐭ℎ−𝑠ℎ 

(28) 

 

Repulsive force of human-object interaction is 

expressed as follows: 

𝐅ℎ−ℎ𝑜𝑖
𝑟𝑒𝑝

= 𝐾ℎ
𝑠𝑡𝑟 exp (

(𝑟ℎ−ℎ𝑜𝑖 − 𝑑ℎ−ℎ𝑜𝑖)

𝐾
ℎ

𝑟𝑛𝑔 ) 𝒏ℎ−ℎ𝑜𝑖

+  𝐾ℎ
𝑐𝑚𝑝

g(𝑟ℎ−ℎ𝑜𝑖 − 𝑑ℎ−ℎ𝑜𝑖) 𝒏ℎ−ℎ𝑜𝑖

+  𝐾ℎ
𝑓𝑟𝑖

g(𝑟ℎ−ℎ𝑜𝑖

− 𝑑ℎ−ℎ𝑜𝑖) Δ𝑣ℎ𝑜𝑖−ℎ
𝑡 𝐭ℎ−ℎ𝑜𝑖 

(29) 

 

Repulsive force as result of interaction with human 

group is described as follows: 

 

𝐅ℎ−𝑔ℎ
𝑟𝑒𝑝

= 𝐾ℎ
𝑠𝑡𝑟 exp (

(𝑟ℎ−𝑔ℎ − 𝑑ℎ−𝑔ℎ)

𝐾
ℎ

𝑟𝑛𝑔 ) 𝒏ℎ−𝑔ℎ

+  𝐾ℎ
𝑐𝑚𝑝

g(𝑟ℎ−𝑔ℎ − 𝑑ℎ−𝑔ℎ) 𝒏ℎ−𝑔ℎ

+  𝐾ℎ
𝑓𝑟𝑖

g(𝑟ℎ−𝑔ℎ − 𝑑ℎ−𝑔ℎ) Δ𝑣𝑔ℎ−ℎ
𝑡 𝐭ℎ−𝑔ℎ 

(30) 

 

Attractive force 𝐅𝑟−𝑡𝑎𝑟
𝑎𝑡𝑡 that motivate robot to 

approach target is defined as follows: 

 

𝐅𝑟−𝑡𝑎𝑟
𝑎𝑡𝑡 = 𝐾𝑟

𝑣(𝑣𝑟
𝑑𝑒𝑠 − 𝑣𝑟

𝑎𝑐𝑡) (31) 

 

Robot will move to target direction by using desired 

velocity  𝑣𝑟
𝑑𝑒𝑠 . Time-constant  𝐾𝑟

𝑣   is needed for 

mobile robot to move from current actual velocity 

𝑣𝑟
𝑎𝑐𝑡  to desired velocity 𝑣𝑟

𝑑𝑒𝑠 . The desired velocity 

used to be defined by giving certain value or by 

adjusting to random number [13]. This research 

proposes to utilize HVO [12] to generate desired 

velocity based on LIDAR scan on robot surrounding 

as described as follows: 

 

𝐻𝑉𝑂 = ⋃ 𝑉𝑂𝑟|𝑜 ∪ ⋃ 𝑅𝑉𝑂𝑟|𝑟𝑜

𝑟𝑜∈𝑅𝑜∈𝑂

∪ ⋃ 𝑁𝐿𝑉𝑂𝑟|ℎ

ℎ∈𝑃

 

 

(32) 

𝑉𝑠𝑎𝑓𝑒Ω
= 𝐻𝑉𝑂Ω

̅̅ ̅̅ ̅̅ ̅̅ = {𝑣𝑟 ∈ 𝒱|𝑣𝑟 ∉ 𝐻𝑉𝑂Ω} 

 
(33) 

𝑣𝑟
𝑑𝑒𝑠 = 𝑎𝑟𝑔 min

𝑣𝑟
ℎ𝑣𝑜∗∈𝑉𝑠𝑎𝑓𝑒Ω

(𝑣𝑚𝑎𝑥
𝑐𝑎 , 𝑣𝑟

ℎ𝑣𝑜∗) (34) 

 

 

By calculating resultant of HVO-modHSFM forces, 

change on robot velocity can be determined as follows: 

 

𝑎𝑟(𝑘) =
1

𝑚𝑟
𝐅𝑟

𝐻𝑉𝑂−𝑚𝑜𝑑𝐻𝑆𝐹𝑀(𝑘) (35) 

  

𝑣𝑐𝑚𝑑
𝑐𝑎 = 𝑣𝑟

∗(𝑘) = 𝑣𝑟(𝑘) + 𝑎𝑟(𝑘)𝑇 (36) 

 

where acceleration of mobile robot 𝑎𝑟(𝑘)  can be 

obtained by providing robot body mass  𝑚𝑟  and total 

force 𝐅𝑟
𝐻𝑉𝑂−𝑚𝑜𝑑𝐻𝑆𝐹𝑀(𝑘) that act on robot. The actual 

velocity of robot is denoted by 𝑣𝑟(𝑘). Discrete time 

interval while acceleration 𝑎𝑟(𝑘)  happen is 

symbolized by  𝑇. The new actual linear velocity of 

robot is expressed by  𝑣𝑟
∗(𝑘). 

The angular velocity is determined by utilizing 

LIDAR scan as described as follows: 
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𝜔𝑐𝑚𝑑
𝑐𝑎 = {𝜓𝑟

∗ ∈ 𝛹 |

𝑎𝑟𝑔 max
𝑑𝜓𝑟

∗ ∈𝐝𝑠

(𝐝𝑠) ,

𝑎𝑟𝑔 max
𝜓𝑟

∗∈𝛹
(△ 𝜓𝑟

∗)
} (37) 

6. Simulation results 

For demonstrating the effectiveness of proposed 

method to avoid collision with disturbed groups of 

pedestrians while navigates in indoor human 

environment, HVO-based modified HSFM is 

compared to HSFM, VFH, VO, RVO, APF, MSVO, 

and HVO from previous studies by using following 

scenarios. 

The first scenario tested collision avoidance 

method to avoid a group of pedestrians GP, single 

pedestrian SP, F-Formation FF and individual human 

interacts with static object HOI. In this scenario, a 

group of pedestrians GP consisted of five peoples and 

F-Formation FF involved three peoples. All human 

objects in this simulation were symbolized by circles. 

Each object had its own label. Position of mobile 

robot and pedestrians were represented by the center 

of circles. Orientation of each object was visualized 

by using red short straight line that drawn from 

circle’s center.  Static object was represented by a 

square.  

The second scenario evaluated the ability of 

collision avoidance method to avoid two disturbed 

groups of pedestrians, single pedestrian, and two 

static humans interact with static object. The first 

group of disturbed pedestrians DGP consisted of five 

members and the second group of disturbed 

pedestrians DG2P consisted of two members. Both 

groups of pedestrians in second scenario walked with 

velocity that faster than velocity of a group of 

pedestrians in the first scenario.  

The diameter of mobile robot MR  d = 0.6 m and 

wheel radii  r = 0.15 m with desired linear velocity 

𝐯𝑐𝑚𝑑
𝑝𝑓

 = 1.0 m/s. Each human as static or moving 

pedestrian had diameter of body  𝑑ℎ = 0.6 m. Target 

position of walking human are represented by points. 

Static pedestrian ST interacted with static object 

target at STT. All pedestrians were equipped with 

HSFM algorithm for representing walking behavior 

of human. In the first scenario, single pedestrian SP 

walked with velocity of 0.5 m/s to SPT position and 

each member of group pedestrians GP moved with 

desired linear velocity of 1.0 m/s to GPT location. In 

the second scenario, each member of the first 

disturbed group of pedestrians DGP moved with 

velocity of 1.5 m/s to GPT location and each member 

of the second disturbed group of pedestrians DG2P 

moved with velocity of 1.4 m/s to G2PT location. In 

both scenarios, F-Formation FF and human object 

interaction HOI represented static pedestrians. 

PRM were utilized to generate random paths of 

mobile robot, single pedestrian, and group of 

pedestrians in each simulation as shown in Fig. 11. 

These paths were created based on map with 

dimension 15 x 15 m2 of robot workspace that 

represented hall of indoor environment. The border 

of this environment was visualized with black bold 

lines. Initial and target position of each object in 

simulation was configured in such a way to create 

crossing condition. 

 

6.1 First Scenario 

 

Indoor navigation system of mobile robot with 

respect to its kinematics was used for simulation with 

HSFM, VFH, VO, RVO, APF, MSVO, and HVO. 

Whereas the proposed method, HVO-based modified 

HSFM, was utilized in navigation system with 

respect to kinematics and dynamics of mobile robot. 

The complete mobile robot trajectory of each 

simulation is depicted in Fig. 12 as red winding line. 

 

   

Figure.11 PRM-based random paths of mobile robot, single pedestrian, and group of pedestrians  
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Trajectories of pedestrians are drawn as blue dash 

winding lines. LIDAR scans are symbolized by blue 

dash straight lines that come out of mobile robot 

center. The last configuration of all objects in 

simulation can be viewed in this figure. Comparison 

of reference and actual trajectories are shown in Fig. 

13. Reference trajectory is illustrated as blue line. 

Actual trajectory is drawn as red line. Safety and 

comfort performance of simulations in the scenario 1 

are shown in Fig. 14. 

In the first simulation, HSFM scored 0.44 of TLI 

with group pedestrians GP. In the second simulation, 

Robot with VFH moved to close to pedestrians by 

scoring 0.33, 0.64, and 0.67 of TLI with GP, FF, and 

HOI respectively. VO and RVO used in the third and 

fourth simulations by achieving 0.5 of TLI with GP. 

In the fifth simulation, APF obtained 0.57 of TLI 

while robot manoeuvred in close distance with HOI. 

In the sixth simulation, comfort of GP was distracted 

by robot moved with MSVO by scoring 0.34 of TLI. 

In the seventh simulation, HVO can maintain safety 

and comfort of GP with 0.24 of TLI. Max of TLI, 0.51, 

was resulted because of collision avoidance with HOI. 

In the eighth simulation, HVO-based modified 

HSFM can maintain safety and comfort of humans 

including group of pedestrians GP with 0.16 of TLI. 

 

6.2. Second Scenario 

 

HSFM, VFH, VO, RVO, APF, MSVO, and HVO 

were applied to indoor navigation system of mobile 

robot respectively by concerning to its kinematics to 

avoid two disturbed groups of pedestrians, single 

pedestrian, a group of F-formation consisted of three 

persons, and human object interaction. The proposed 

method, HVO-based modified HSFM, was 

implemented in indoor navigation system with 

respect to mobile robot’s kinematics and dynamics. 

Mobile robot trajectory from initial to target 

position from each simulation in scenario 2 is shown 

in Fig. 15. Reference trajectories to be tracked and 

actual trajectories as results of tracking and collision 

avoidance are compared in Fig. 16. The proposed 

method, HVO-based modified HSFM, and other 

methods are compared in the ability to maintain 

safety and comfort of pedestrians by using TLI. The 

results of these comparisons are visualized in Fig. 17. 

In the ninth simulation, robot with HSFM 

threatened disturbed group pedestrians that consisted 

of two persons, DG2P and resulted 0.82 of TLI. In the 

tenth simulation, VFH scored 0.45 of TLI with DG2P. 

VO achieved 0.5 of TLI with DG2P in the eleventh 

simulation. In the twelfth simulation, RVO moved to 

close to DG2P with 0.5 of TLI. APF endangered SP 

and obtained 0.9 of TLI in the thirteenth simulation. 

Safety of DG2P was threatened by robot moved with 

MSVO in the fourteenth simulation by scoring 0.69 

of TLI. The maximum TLI of HVO-based collision 

avoidance is 0.75 with respect to single pedestrian SP, 

in the fifteenth simulation. This simulation resulted 

in collision avoidance that can maintain safety and 

comfort of first disturbed group of pedestrians DGP 

with 0.12 of TLI. This value describes that robot 

moved to close to single pedestrian SP while it 

avoided collision with a member of the first group of 

disturbed pedestrians DGP. Mobile robot that had to 

maneuver for collision avoidance made actual 

trajectory had more length of 14.8 m than reference 

trajectory with length of 11.93 m. In the sixteenth 

simulation, HVO-based modified HSFM scored TLI 

value of 0.18 when robot avoided two disturbed 

groups of pedestrians. Actual trajectory with collision 

avoidance movement had more length of 19.24 m 

than reference trajectory with length of 12.50 m.  

Table 2 summarizes results of simulations to 

compare the distance of travelled trajectories that 

affected by HSFM, VFH, VO, RVO, APF, MSVO, 

HVO, and HVO-based modified HSFM in two 

scenarios. Table 3 reports comparison of TLI as 

performance evaluation of HSFM, VFH, VO, RVO, 

APF, MSVO, HVO, and HVO-based modified 

HSFM in two scenarios. The first scenario includes 

pedestrians with normal velocities. While the second 

scenario involves disturbed groups of pedestrians 

with faster velocities. From this summary of collision 

avoidance performance evaluation, HVO-based 

modified HSFM has the lowest score of TLI. It means 

that the proposed collision avoidance method is 

capable to maintain safety and comfort of groups of 

pedestrians while navigate to target location in both 

scenarios. 

7. Conclusion 

 The aim of this study was to improve HVO in 

order to be able to handle complex situation in human 

environment with disturbed groups of pedestrians by 

presenting HVO-based modified HSFM with respect 

to kinematics and dynamics of mobile robot. The 

originality of this work is based on the modification 

of HSFM by presenting human-object interaction 

term and group of pedestrian term with adaptation of 

HVO to handle moving objects that move with 

unknown trajectory and with changeable velocities. 

Trajectory of each moving object in simulation is 

randomly generated by applying modified PRM to 

get unique and more realistic objects movements. 
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Figure.12 Trajectory of mobile robot that avoid collision in scenario 1 using HSFM, VFH, VO, RVO, APF, 

MSVO, HVO, and HVO-based Modified HSFM respectively 
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Figure. 13 Reference and actual trajectories comparison of mobile robot that avoid collision in scenario 1 using 

HSFM, VFH, VO, RVO, APF, MSVO, HVO, and HVO-based Modified HSFM respectively 
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Figure. 14 Safety and comfort performance evaluation on HSFM, VFH, VO, RVO, APF, MSVO, HVO, and 

HVO-based modified HSFM respectively in scenario 1 
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Switching strategy is implemented in mobile 

robot and other moving objects in these simulations 

by pairing pure pursuit algorithm and collision 

avoidance method. This work also proposes the use 

of TLI index to measure safety and comfort of human 

that exist in the vicinity of mobile robot. 

 The proposed HVO-based modified HSFM has 

been tested to avoid static and moving pedestrians. 

There are two scenarios that involve human-object 

interaction, individual pedestrian, and groups of 

pedestrians with different velocities have been 

conducted in simulations.  

 Results of simulations show that HVO-based 

modified HSFM has the ability to maintain safety and 

comfort of static and moving pedestrians while it 

operates in human environment. In this study, TLI is 

used as indicator to measure performance of several 

collision avoidance methods while facing normal and 

faster pedestrians that move with changeable 

velocities.  

 Based on these simulations, the proposed 

collision avoidance method, HVO-based modified 

HSFM, gains the lowest TLI value compare to other 

methods by the score of 0.14 in average by 

concerning safety and comfort of groups of  

 

Figure.15 Trajectory of mobile robot that avoid collision in scenario 2 using HSFM, VFH, VO, RVO, APF, MSVO, 

HVO, and HVO-based Modified HSFM respectively 



Received:  February 1, 2021.     Revised: March 2, 2021.                                                                                                 238 

International Journal of Intelligent Engineering and Systems, Vol.14, No.3, 2021           DOI: 10.22266/ijies2021.0630.20 

 

  

 
Figure.16 Reference and actual trajectories comparison of mobile robot that avoid collision in scenario 2 using 

HSFM, VFH, VO, RVO, APF, MSVO, HVO, and HVO-based Modified HSFM respectively 
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Figure.17 Safety and comfort performance evaluation on HSFM, VFH, VO, RVO, APF, MSVO, HVO, and 

HVO-based Modified HSFM respectively in scenario 2 
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pedestrians. For future research, we will utilize HVO-

based modified HSFM into real transport mobile 

robot navigation system in order to navigate safely 

and comfort in human environment. 
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Table 2. Comparison of reference and travelled trajectories affected by collision avoidance simulations based on 

HSFM, VFH, VO, RVO, APF, MSVO, HVO, and HVO-based modified HSFM 

 

HSFM VFH VO RVO APF MSVO HVO HVO-

based 

modified 

HSFM 

Reference 

trajectory 

distances 

in 

Scenario 1 

[m] 11.91 14.60 13.47 11.55 11.39 15.60 11.68 13.59 

Travelled 

distances 

in 

Scenario 1 

[m] 
17.42 42.60 11.50 11.50 25.59 29.00 24.20 14.48 

Reference 

trajectory 

distances 

in 

Scenario 2 

[m] 
12.68 13.43 11.98 12.18 13.83 11.78 11.93 12.50 

Travelled 

distances 

in 

Scenario 2 

[m] 
11.36 35.00 11.40 11.40 45.17 24.70 14.80 19.24 

 
Table 3. Comparison of TLI of collision avoidance simulations based on HSFM, VFH, VO, RVO, APF, MSVO, 

HVO, and HVO-based modified HSFM with respect to groups of pedestrians 

Simulation Threat Level Index (TLI) 

HSFM VFH VO RVO APF MSVO HVO HVO-

based 

modified 

HSFM 

Scenario 1 

with 

normal 

velocity of 

pedestrians 0.44 0.33 0.50 0.50 0.20 0.34 0.24 0.16 

Scenario 2 

with 

disturbed 

groups of 

pedestrians 
0.44 0.36 0.44 0.65 0.24 0.40 0.10 0.13 

Average of 

TLI 
0.44 0.34 0.47 0.58 0.22 0.37 0.17 0.14 
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