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Abstract

This paper presents a new formulation for obstacle and collision behavior on a group of humanoid robots that
adopts walking behavior of pedestrian crowd. A pedestrian receives position information from the other pedestrians,
calculate his movement and then continuing his objective. This capability is defined as socio-dynamic capability of
a pedestrian. Pedestrian’s walking behavior in a crowd is an example of a sociodynamics system and known as
Social Force Model (SFM). This research is trying to implement the avoidance terms in SFM into robot’s behavior.
The aim of the integration of SFM into robot’s behavior is to increase robot’s ability to maintain its safety by
avoiding the obstacles and collision with the other robots. The attractive feature of the proposed algorithm is the fact
that the behavior of the humanoids will imitate the human’s behavior while avoiding the obstacle. The proposed
algorithm combines formation control using Consensus Algorithm (CA) with collision and obstacle avoidance

technique using SFM. Simulation and experiment results show the effectiveness of the proposed algorithm.

Keywords: humanoid robots; formation control; obstacle avoidance; social force model; consensus algorithm.

I. INTRODUCTION

This paper propose a new approach to solve
obstacle avoidance problem on a group of
humanoid robots by combining of consensus
algorithm  and  sociodynamic  approach.
Sociodynamics is a systematic approach to
mathematical modeling in the social sciences.
Sociodynamics has been developed starting from
interdisciplinary approach that attempts to model
the dynamic behavior of the social system of
stochastic and quasi-deterministic models into
more structured physical-mathematical system.
The term of socio-dynamic is introduced by
Weidlich, as quoted in [1].

The goal of this new approach is to make a
group of humanoid robots can walk to desired
position and still able to avoid obstacle while still
maintaining their path to their desired position.
The new approach is using Social Force Model
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(SFM) approach to make robots able to avoid
obstacle and collision. SFM itself is a
pedestrian’s  walking  behavior  dynamic
mathematical model developed by Helbing and
Molnar [2]. The implementation of human
behavior in humanoid’s behavior is based on the
premise that, in the next few years, a humanoid
robot will be placed on the human environment.
So, if a robot will be placed in a human
environment/crowd, it must have some
knowledge of human behavior and capable to
imitate and calculate it into its behavior.

By using the SFM, the robot’s walking
behavior is expected to be able to imitate the
behavior of pedestrians in a crowd. The social
force captures the effect of the neighboring
pedestrians and the environment on the
movement of individuals in the crowd. Helbing
[2] used the SFM approach into collective model
of social panic to simulate the behavior of an
escape panic of a crowd. In this model, both
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psychological and physical effects are considered
in formulating the behavior of the crowd.

Since our research’s aim is implementing the
obstacle/collision avoidance algorithm on a group
of humanoid robots, a capable algorithm is
needed to assemble the robots into a group. For
this purpose, an algorithm called the Consensus
Algorithm was used [3]. Consensus Algorithm
(CA) is a distributed algorithm for multi-agent
system to achieve an agreement on the
information  states of each agent. Its
implementation in the field of robotics today is
very much developed. By using consensus
algorithm, a robot group can perform various
tasks together including formation control,
attitude alignment, foraging, rendezvous and
cooperative search. When multiple robots agree
on the value of a variable of interest, they are said
to have reached consensus. To achieve consensus
there must be a shared variable of interest, called
the information state, which represents an
instantiation of the coordination variable for the
team.

For this research, the information states are
robot’s position, the center and shape of a
formation and the direction of motion. Robots
update the value of their information states based
on the information states of their neighbors. The
aim of consensus algorithm is to design an update
law so that the information states of all the robots
in the network converge to a common value [4].

This paper is organized as follows, the
problem statement and formulation are described
in Section Il. The method and basic theory of
SFEM, CA for formation control, obstacle and
collision avoidance techniques and stability
analysis of the proposed algorithm, and system
architecture are described in Section IIl. Some
simulation and experiment results are shown in
Section 1V. Finally, Section V concludes this

paper.

Il. PROBLEM STATEMENTS AND

FORMULATION
Given is a formation composed of three robots
with a known virtual center as illustrated in
Figure 1. In Figure 1, R1, R2, R3, R4 stand for

Robot1, Robot2, Robot3, and Robot4. A position

variable r; = [x;, y;]7, r# = [xid,yid]Tand Tops =

[Xons» Vobs|T represents, respectively, the i-th

robot’s actual position, robot’s desired position
d

and obstacle’s position. The variable 7" =

[x]!i,y]!i]T and r; = [xj,yj]T represent the j-th
robot’s actual and desired position, and r]-‘} =
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Figure 1. A formation composed of three robots with a
known virtual center & an obstacle

[x7F, yﬁ;]T represents the desired deviation of the
j-th robot relative to Cr, where:

x7(t)

_ [x(®O)] | [cos[B.(t)] —sin[6.()]][x+(®)
o) = bio]+| Il @

B ye() sin[6.(t)]  cos[6.(t)] J/}ip(t)

Cr is coordinate frame on position r;, where
the x-axis is coincide with the orientation of the
robot. This coordinate frame transformation is
illustrated in Figure 2.

Since research is focused only on robots and
group behavior, the dynamics of robots as a
single integrator system were considered, which
is given by:

u; =T (2)
where 7; 2 [x;,¥;]7 and 7; denote the position
and velocity of the i-th robot, and u; is the
control input and r¢ 2 [xid,yl-d]T as target or
desired position of r;. The static obstacle is

defined as 7ops 2 [Xops Yonsl” and  Rggpe,
respectively as the position of an obstacle and its
radii. AIll robots are connected with a
communication topology as describe with graph
G, =(V, xE,), where vV, ={.,...,n} is the node set

and E,cV,xV, is the edge set, representing

robots and its communication links. The
communication topology among robots is
illustrated in Figure 3.
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Figure 2. Frame coordinate transformation from global into
robot’s frame coordinate
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Figure 3. Communication topology from the virtual center to
all robots in the system

Given the initial configuration as shown in
Figure 1, the objective of the system are:

+ All robot can walk from an initial position to
their desired position, in a certain formation.
R1, R2, and R3 are placed on the left side,
and R4 is placed on the right side of the
experimental platform. A control input u;
will make i-th robot walks from r; to ras
t — oo,

» All robots can avoid obstacle while they
walk along the way to reach their desired
destination.

« For obstacle avoidance, collision and
obstacle avoidance factor from SFM
equation were used.

By using the observation results of Moussaid
et al. [5] as a comparison, the expected results of
the experiment of this new algorithm will
resemble the behavior as depicted in Figure 4.
Figure 4 shows the results of computer
simulations for the heuristic pedestrian model
(solid lines) compared with experimental results
(shaded lines) during simple avoidance
maneuvers in a corridor. Part (A) shows the
average trajectory of a pedestrian passing a static
obstacle in the middle of the corridor; and part
(B) shows the average trajectory of a pedestrian
passing another individual moving in the
opposite direction.
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Figure 4. Comparison between simulations with

experimental results of the heuristic pedestrian walking
model during simple avoidance maneuvers in a corridor [6]

I1l.METHOD

This section describes the method that is used
to solve the problem, begin with the basic theory
of SFM, CA for formation control,
obstacle/collision avoidance techniques and
stability analysis.

A. Social Force Model

According to Helbing et al. [2], the motion
behavior of a pedestrian is determined by some
factors, which are: (i) individual desired direction,
(it) some influences from other pedestrians, (iii)
some influences from obstacles, walls or other
objects, and (iv) influence of an attractive object.
The general SFM equation can be written as:

Fl(t) = FiO(Ui,UL-Oei) + 21 Fij(ei,ri -
1) + Yo Fio(eiri —15) +

Yo Fio(ewri —15) 3
The first term, F?(v;, vle;), in equation (3)
represents  pedestrian’s  individual  desired

direction, where v;, v , and e; represents,
respectively, actual speed, desired speed, and
desired direction of pedestrian i. The second term,
F;;(e;,m; —1;) represents the influence of other
pedestrian to pedestrian i, where 7; andr;
represent position of pedestrian i and j. In
particular, the pedestrian keeps a certain distance
from other pedestrian and to avoid collision,
depends on the desired speed (v?) and pedestrian
density. A repulsive effect of other pedestrian j is
denoted in this term. The third and fourth term
represent, respectively, a repulsive effects of an
obstacle Fyy(e;, 7; —r5) and an attractive effect
of an attractive object/person, F;,(e;, 1; — 14,t).
Pedestrians are sometimes attracted by other
persons (friends, street artists, commercials, etc).
Since research focus on obstacle/collision
avoidance behavior and formation control, the
fourth term from equation (3) was excluded. So,
by using this simplification and equation in [3],
the avoidance behavior part of SFM is written as:

Y Fij(enmj) = wdCdeO'Sx/(””f”+||rif-5||)2—s2
(4)

and
ZO FiO (ei; T — T(S) = WSCSe(ri_Tobs)/B (5)

where B,C;,Cy are positive scalar, 7;; £
(r;—1;), s is step distance of the robot and

T,psiS poOsition of an obstacle.
The repulsive effects of equations (4) and (5)
only hold for situation that are perceived in the
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pedestrian’s field of view (FOV, 2¢). In order to
take this effect of perception into account, it need
to introduce the direction dependent weights
w, and wy:

W(é.f) . { 1,ife - f 2. |/ |cose 6)
¢, otherwise.
By replacing (4) and (5) into (3), SFM
equation can be derived as:
Fi(t) = Fio(vi,vlpei) +
ZO Wq Cse(ri_robs)/B +

5w, Cdeo.sj(ll(ri—r,.)||+||(rl._rj)_s||) -

Comparing with the other obstacle/collision
avoidance equations which were used in some
algorithms [6-9], the use of FOV in this
algorithm will become a distinctive factor, with
the others. In the experiment, the value of ¢ is set
to 60°. The avoidance behavior of the robots
should be acted differently.

The first term of equation (7) is the formation
control term which will maintain robot position
on a formation or still keeping them in a group.
This formation control term will be described in
the next section.

B. Consensus Algorithm for Formation

Control

Consensus algorithm (CA) is a distributed
control algorithm for multi-agent systems, which
allow each agent in the system to achieve
agreement with the other agents by sharing its
information states. CA is a major method to solve
many multi-agent cooperative control problems.
Currently, CA has been developed and used in
many applications of multi-robot systems. This is
because the algorithm is distributive, so that the
control equation for the robot can be simpler than
the centralized control method.

A necessary condition to achieve consensus is
the availability of a communication topology that
allow the information states are shared to all
member of the group. If a communication
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Figure 5. lllustration of the experiment

topology in a multi-robots system is established

for all robots, then consensus will be achieved if

and only if the topology has a spanning tree [4].
In the case of formation establishment and

control, some information states are needed to be

shared. In this paper, virtual structure (VS)
approach to solve the formation control problems
was used. Using this approach, the entire
formation is treated as a rigid body or single
structure, and then, the control strategy is derived

in three stages [3]:

1. Stage 1: define the desired dynamics of the
virtual leader/virtual center of a virtual struc-
ture. This stage is illustrated in Figure 1.

2. Stage 2: translate the motion of the virtual
leader/virtual center into desired motion for
each robot. This stage is also illustrated in
Figure 1.

3. Stage 3: derive tracking controls for each
robot.

Since the research used 4 robots, a triangle
formation for the group of 3 robots (R1, R2, and
R3) was defined. The 4th robot will be acted as
dynamic obstacle. In the group, the information
states are shared to all robots by using
communication topology depicted in Figure 3,
while R4 received the position of the other robots
and the obstacle.

All information states (i.e. 13,7}, 70ps ) are
provided by a Visual Localization Module
(VLM), which consists of a web camera and a PC.
VLM uses visual odometry (VO) technique to
obtain all robots and obstacle positions and then
share it to all robots. By taking the capability of
robots used in the experiment into account, VO is
regarded as the most appropriate technique to
apply in the experiment. The illustration of the
experiment is depicted in Figure 5. The algorithm
of VO technique is depicted in Figure 6.

Acquire image, using web
camera

J

Image correction, using
image processing method

y

Feature detection, detect
marker’s shape & color.

J

Feature extraction,
calculate the center of
gravity (CoG) of the marker.

J

Transmission,
Send CoG as position states
of robots to the network.

Figure 6. The algorithm of visual odometry technique
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For stage 3 of the VS approach, CA equation
for reference tracking was used, which can be
written as in equation (8). All position states
(13,77, Tops) are obtained by using VO.

w =71t —a(r—1f) - Py aij[(ri —r#) -

(5 =] (8)
where a; is a positive scalar, a;; is the (i, j) entry
of adjacency matrix A, associated with
communication topology G,, and r? = [xf’,yid]T
is the i-th robot’s desired position. While, r; — r

d

and 7; — 7" represents respectively, distance

between the i-th robot’s actual and desired
position, the j-th robot’s actual and desired
position.

C. Obstacle/Collision Avoidance Technics

To implement SFM into robot’s behavior, CA
equation (8) was integrated into equation (7), so
that equation (7) is expanded to equation (9).

w =7t — (=) = T ay[(n - ) -
(=) + e o ¢

o5 (Il +ry)—sl—s* o

wyCae

Equation (9) is the final equation to be
implemented into humanoids robot. The obstacle
and collision avoidance force are respectively
presented by the fourth and fifth term of equation
(9). The stability analysis of this algorithm is
derived by using Lyapunov’s stability analysis
and will be explained in the next subsection.

To implement equation (9) to robot, it need 2
more processes, which are: frame coordinate
transformation and limitation process of the
robot’s steps and orientation. Since robot Nao has
some limitation on its moves, the research try to
imitate pedestrian’s walking behavior that is tend
to be a non-holonomic behavior, treat and
reprogram Nao as a non-holonomic robot. To
make a leg movement on Nao, control input
given by equation (9) must not exceed robot’s
maximum foot step parameters, which are 0.08 m
to step forward (X-axis) and 0.06 m to step aside
(Y-axis). Control input u; is transformed into
foot step u; and u;, where u; < 0.08 and
Uiy < 0.06. By using this foot step parameter,
the robot’s maximum steps is set to s; = 0.08.
As a result, robot will move in its maximum
velocity if u;, > 0.08 or u;, > 0.06.

D. Stability Analysis

In this subsection, will be carried out analysis
of the stability of equation (9). The purpose of
this analysis is examining equation (9), to ensure
the robot able to avoid obstacles and still

returning to its mission toward its desired
destination. The analysis was performed using
Lyapunov stability analysis approach. To
understand the analysis, some assumptions and
definition are needed. Throughout this section, a
system of nonlinear differential equations was
considered.

x = f(x), x(¢) =0 (10)
where x,x, € R" and f(*): R™ - R™.
1) Definition

a) Equilibrium point (x*) :
x*is said to be an equilibrium point of
equation (10) if f(x*) = 0.

b) Stable Equilibrium:
The equilibrium point x* = 0 is said to be
a stable point of equation (10) if, for all
€ > 0, there exists a 6 (€) such that ||x, || <
6(e) = |lx(O)] < €Vt =ty where x(t) is
the solution of equation (10).

c) Asymptotic Stability:
The equilibrium point x* = 0 is said to be
an asymptotically stable point of (10) if:
(@) itis stable;
(b) it is attractive, i.e. there exists a §

such that:

lIxoll < & = lim|[lx(®)]l = 0,

where x(t) is the solution of equation (10).
Note that (a) above does not necessarily
imply (b).
d) Locally Positive Definite Function:

A continuous function V(x): R® - R* is
called a locally positive definite function if,
for some h >0 and «(-),V(0) =0 and
V(ix) = a(||lx]) Vx: ||x]|]| < h where
a(): R" - R* is continuous, strictly
increasing, and a(0) = 0.

2) Assumptions
a) The robot’s radii (Ryopo¢) 1S 0.2 M.
b) The maximum robot’s walking step (s;"**)
is 0.08 m.

Following the works of [4] and [10], analysis
is started by noting that:

F, = FM + F/°P (11)

where F2 is the attractive potential function and
F/°? is the repulsive potential function of the i-th
robot. Intuitively and necessarily, potential
functions should have the properties that.

IrFﬂ”(o) =0, VF*(r;— rid)|(ri_ 0,

=0~
0< Fiatt(ri - rl-d) < oo, if ||ri — rl-d” *#0is finite,(lz)
t“VF,-“”(n- — 1) < +ooif||r; = || s finite
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Figure 7. lllustration of obstacle/collision avoidance and
formation control

and

{Firep (i —Tops) = 0, if(r; — Tobs) & Sobss
FP(r; — Tops) € (0,00),if (1; — Tops) € Sops-
(13)

It can be defined that;

1. Fiatt > Firep' if ”Ti - robs” > Rsafev
2. Fiatt < Firep' if ”Ti - robs” < Rsafev
3. Fiatt = _Firep' if I7; = Topsll = Rsafe =

equilibrium point (r;").

where S,,s IS an area around the obstacle,
defined as a circle with a radius R .

This condition is illustrated in Figure 7. Since
this paper focuses on obstacle/collision avoidance,
only F/°? term was considered for analysis.
Using properties in equation (11) can be rewrote
to equation (10) where:

rep
u;

= w,CzeTiTobs)/B 4
Wy Cde0-5\/("(ri_rj)||+||(I‘i—rj)_sj||)2_sj2
(14)

Focused on obstacle/collision avoidance term,
define Lyapunov-like function candidate for (14)

Virtual structure approach

s;. Because ws, wy, Cs, and C,; are positive scalar,
it is obvious that V is a positive definite function.
To find the derivative function of V,V should be
seenasV = V* + VPwhere :

Va

wgCgeTi~Tobs)/B

(16)

V0 = g S CT ) )2
(17)
Then, by using derivative calculation, the
derivative functions of V¢ and V? are given by:

pa = —WsCs o—lri—ropsll/B < (18)
and
7 = —05waCae oS Iroleli i)'
lI74jll-s; ij
(||Zj]—r;n + ":ij'”> (”S]- - Tij” + ”rii”) <0 (19)

E. System Architecture

In this subsection, will be described how to
implement the new algorithm into a robot. The
VS approach needs a special architecture that can
perform those three steps. So, the system
architecture is built by using three hierarchical
layers: a consensus tracking module, a
consensus-based formation control module, and
the physical robot control module. The
elaboration of virtual structure approach into
architecture  for  formation control  with
obstacle/collision avoidance system is shown in
Figure 8.

Consensus formation control & obstacle

Defining desired dynamic
of virtual structure, r,.. I r
\

J——

Translating r,_into desired

motion of each robot, r;%.

control & obstacle avoidance

avoidance
Communication network H
. . I T -
LN 7 {",j_Fj|J€J:(5)}
Consensus tracking module
___________ #
; F rLr
+ Subgro L jrta
P BIOUP 4 Gllower
v leader
”””””””””””” o Visual
Localization
o Pty Module
Consensus-based formation

Tracking control of each

robot, u,.

Robot humanoid #i

Figure 8. The elaboration of V'S approach into distributed architecture for obstacle/collision avoidance and formation control [3]
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Figure 9. Aldebaran’s Nao robots for the experiment

Figure 9 shows the robot which was used in
the experiment. The robots used for experiment
are Nao robot from Aldebaran Robotic, France.

IV. RESULT AND DISCUSSION

In this section, some simulation and
experiment results of the application of the
proposed equation on a group of humanoid robots
were presented. As mentioned before, robot’s
dynamics is assumed as a single integrator
system.

For simulation and experiment, 3 robots are
placed in the left side of the experiment area and
1 robot on the right. An obstacle also placed
randomly in the middle of the area. The group of
robots walk to their destination on the right side
and the 4" robot walks to left side of the
experiment area.

A. Simulation Result

Simulations were performed on 4 agents,
representing 4 robots, using topology in Figure 3.
The initial position of Robotl, Robot2, Robot3,
and Robot4 are, respectively, 1z, =
[0.7300,1.1905] , 1y, =[—0.0081,1.2198] ,
TRz = [—0.0149,0.4276], and Tra =

Consensus Formation Control, Obstacle & Collision Avoidance
on a Group of Humanoid Inspired by SFM.
T T T T T

e—>Robotl
2.5- e—=Robot2
*—=Robot3
2r [c] ) >—= Robot4

Y {m)

Figure 10. Simulation result

[7.1790, 0.4428]; while the obstacle is placed at
position 1y, = [2, 0.6]. All these positions are
obtained by using VO, which the algorithm is
depicted in Figure 6. As seen in Figure 9, all
robots wear a marker on their head. Figure 10
shows the simulation result of the proposed
algorithm.

The result shows that when Robotl met the
safety barrier (Rsqr. ), it started to avoid the
obstacle. During Robotl was avoiding the
obstacle (point [a]), Robot2, and Robot3, also
perform an avoidance maneuvers, although there
is no obstacle in front of them. This is because
the consensus term has worked while the
avoidance term has not active yet. This can be
seen in the behavior of Robot3, as shown in point
[b].

At point [c], it is shown that Robot2 is
following the formation of Robotl, but must
meet the R,qf. O the obstacle. Robot2 reacts to
turn left, but at point [d] he met with dynamic
obstacle (Robot4). The reaction of Robot3 is
keeping its maneuver by continuing to turn left,
while Robot4 being avoiding static obstacle turn
to the right [e].

As result, the two robots constantly avoiding
each other, until at some point one of them sense
the absence of the obstacle. It’s shown in point
[f], where Robot4 and Robot3 sensed the absence
of the obstacle. Robot4 was continuing its
mission towards point [0, 0.6] and Robot3 was
returning back to its formation [g].

B. Experiment Result

Experiments were performed on 4 Nao robot,
using topology in Figure 3. An ASUS RT-N10
router, a Genius F-120 web camera and a
computer were used to perform the experiment.
The video of this experiment can be watched on
Youtube channel [11]. The experiment result is
depicted in Figure 11 showing that the
experiment result also get a similar result to the
simulation.

Experiment result of formation contrel.obstacle & collision avoidance,
on a group of humaneid rabels, using combined CA+SFM.

25

2r 2
15l meé._.m

h , e
il . / A
0.5+ R3
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Figure 11. Experiment result
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V. CONCLUSION
In this research, a new algorithm for obstacle
and collision avoidance on a group of humanoid

robots inspired by SFM is successfully developed.

Stability analysis on the new algorithm has
proved that algorithm can make a group of
humanoid robots avoid obstacle. Comparing to
our previous results, this algorithm has a
smoother avoidance maneuver and faster to
return to its formation. It also found in this study
that the CA part on the algorithm is succeeded to
maintain the position of the robot back to its
formation. In the case of robot is trapped in a
crowded situation (singularity condition), robot
will still trying to look a new position, until it
find a condition that allow him to move forward.
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