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Abstract

Within the research field of formation control, multiple
robots are generally controlled in only one team. Not much
research focuses on formation control with multiple teams,
and even less research focuses on combining several for-
mation teams into a larger one. To solve the problem of a
formation consisting of several sub-formations, we use the
concept of holon to propose an approach called holonic for-
mation control. For such control, we describe a method to
present the shapes of holonic formations and a method for
these holonic formations to maintain formations. In addi-
tion, we design the architecture of the robot holon to control
each mobile robot. The simulation results demonstrate that
mobile robots can maintain holonic formations well and can
perform multi-team holonic formations in a pursuit-evasion
game.

1 Introduction

Formation control is a research topic within the research
fields of multirobot systems [1]. From the Arkin’s de-
scription [2, p.361], the term formation means that a robot
team forms aspecificgeometric pattern (or called formation
shape) and maintains it while moving. Researchers have
proposed various kinds of methodologies to control forma-
tions. Behavior-based control is used for controlling robots
to maintain formations, such as line, column, wedge, etc [3].
The main control concept in [4] is to let each robot keep a
single friend (a specific neighboring robot) at a desired an-
gle. Robots plan their trajectories according to the reference
trajectory of a common reference point [5].

Among these research work in formation, they generally
control multiple robots in only one team. Not much research
focuses on formation control with multiple teams, but we
can still see the work by [6], in which it controls multi-
ple teams through an adjacency matrix. In [7], the robots
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use the algorithm FOLLOW to divide themselves into sev-
eral groups. In [8], a multiagent system calledVirtual Op-
erator MultiAgent System(VOMAS) is used for control-
ling multi-team formations with the advantages of multiple
teams, multiple tasks, scalability, and flexible task switch.

Other than the work done above, in some situations, the
relation between/among formation teams is more complex
than only multiple independent teams. Some formation
teams may cooperate with each other to form a larger for-
mation. For example, a platoon in the military is generally
divided into several squads (described in detail in Section
2). To solve such kind of formation problems, in which a
formation is formed by several sub-formations, we use the
concept ofholon to describe this concept [9]. A holon is
an autonomous and cooperative entity/system, and “a holon
can be part of another holon” [9]. According to this con-
cept, when we view a mobile robot as a holon, a formation
formed by several mobile robots can also be viewed as a
holon. In addition, a larger formation formed by several
sub-formations can also be viewed as a holon. This process
can be repeated again and again, so that we can extend a
formation to a larger scale. We call such kind of formation
a holonic formationand call its controlholonic formation
control.

Two important tasks in formation control are formation
shape representation and robotic control. For the shape rep-
resentation, we propose a method to represent the shape of a
holonic formation, and we use the concept of desired vector
[8] to design the robotic control for each robot to maintain
formation. In addition, we design the architecture of the
robot holonto control each mobile robot, where this archi-
tecture is derived from the VOMAS architecture [8]. Ac-
cording to this architecture, each robot is controlled by a
pair of a virtual operator and a robot agent, and a robot has
the capabilities of high level reasoning and low level reac-
tive control. In addition, dynamic team control can be also
achieved based on this control architecture.
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Figure 1: A line-column formation.

2 Holon and Holonic Formation

Before describing the concept of holon and holonic forma-
tions, we illustrate an example of a formation consisting of
several sub-formations with Figure 1. When a platoon con-
sisting of ten infantrymen is in a combat situation and the
enemy is in front of this platoon, these infantrymen may
be divided into four groups with three squads and a pla-
toon leader. As shown in Figure 1, each squad consists of
three infantrymen in a line formation, and the four groups
form a column formation, so that we call this formation
a line-column formation, which means several line forma-
tions form a larger column formation. From the figure, we
can see three squads, marked as squad I, II, and III, and
the platoon leader. Each circle designates an infantryman
(or a mobile robot), and Arabic numerals andH1 to H4

denote identifications of these infantrymen, which will be
described in detail in Section 3. The dashed arrow is the
progress direction of the platoon, and the solid arrow means
that the infantryman in the side with an arrowhead will fol-
low and maintain formation with the infantryman in the line
side.

In the following, we will present the concept of holon first
and then describe the concept of holonic formations.

2.1 Holon

The term ‘holon’ was first mentioned by Koestler in [10].
The word comes from the Greekholos, which signifies
whole, with the suffixon, which means a particle or part
as in proton or neutron. A holon has two-face meaning:
wholes and parts, and it behaves partly as wholes or wholly
as parts according to what view we look at it. A holonic
robot system views a robot as a holon and lets multiple
robots build an HMS (holonic manufacturing system) with
implementation in an assembly system [11]. We use the
concept of viewing a robot as a holon in the formation con-

trol to propose the holonic formation control in this paper.

2.2 Holonic Formation

We can treat each robot as a holon [11]. According to the
concept of “a holon can be part of another holon” [9], a for-
mation can also be viewed as a holon. Similarly, several
formations with the same or different shapes can form an-
other larger formation. According to the same concept, the
larger formation can also be viewed as a holon. This process
can be repeated to extend the number of robots to a larger
scale with regular formation structure. We call such kind
of formationholonic formationand call its controlholonic
formation control.

To describe the concept of holonic formation in detail,
we illustrate the concept with the example in Figure 1. In
this figure, each circle indicates a mobile robot (an infantry-
man), and each mobile robot can be viewed as a holon.
From the squad I to the squad III, each squad consists of
three mobile robots and forms a line formation. The pla-
toon leader also forms a line formation, although the line
formation consists of only one mobile robot. These three
squads and the platoon leader can also be viewed as holons.
A larger column formation is formed by the four line for-
mations, and similarly the line-column formation is also
viewed as a holon.

3 Holonic Formation Control

There are two important tasks in holonic formation control,
which are to present the holonic formation shapes and to
maintain the shapes via control of each mobile robot or via
control of sub-formations. We then use the formation rep-
resentation in [8] as the basis to represent the shapes of
holonic formations. In addition, we describe the robotic
control for mobile robots and for sub-formations to main-
tain formation.

3.1 Holonic Formation Representation

In holonic formation representation, each holon can be
viewed as avertex, and the relation between two holons
as anedge. Each holon is given an identification, called
Holon ID (HID), and HID determines a holon’s position in
a formation. The HID of theleaderholon in a formation is
defined as1, and the rest of the holons with HIDs of natural
numbers are called thefollower holons. We use the leader-
following approach to maintain formation.

A mobile robot can be located by using anHID sequence,
which consists of several HID items and each HID item de-
termines the position of a holon in its correspondingforma-
tion level. For example, the HID sequence of the platoon
leader in Figure 1 is< 1, 4 >, where 1 means that the HID
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of the robot is 1 (shown as the Arabic numeral inside the cir-
cle of the platoon leader) in the formation level of the line
formation, and 4 means that the HID of the line formation
is 4 (shown asH4) in the formation level of the line-column
formation.

A successorholon (a follower holon) will maintain for-
mation with itspredecessorholon (the leader or local lead-
ers) according to their HIDs and their corresponding edge
relations. The form of edge relation is described as follows:

E(c,Hsuc,Hpre, l
d, φd), (1)

which means when theconditionc is true, asuccessorholon
Hsuc (may be a robot or a sub-formation) will follow its
predecessorholonHpre with a desired distance ofld and a
desired angle ofφd.

A formation graph of a holonic formation is formed by
a set of edges with restrictions on holons. If all holons in
a formation are restricted on mobile robots, we call such a
formation as asimple formation, which is the simplest form
of a holonic formation. For example, the line formation in
Figure 1 can be expressed as the following formula (marked
asFL):

FL = {E(i = 2,H2,H1, 50, 90◦),
E(i > 2,Hi,Hi−2, 50, 90◦ + 180◦(i%2))
|Hi ∈ R, i ≤ 3},

(2)

where the restriction is written after the symbol ‘|’, and the
restriction ofHi ∈ R means that all holons are mobile
robots. In this formula, the limitation ofi ≤ 3 is used for
limiting the number of mobile robots in a line formation (a
squad) to 3 mobile robots.

The line-column formation in Figure 1 can be expressed
as

FLC = {E(i > 1,Hi,Hi−1, l
d, 180◦)

|Hi = FL},
(3)

where the restriction ofHi = FL means that each holon
Hi is a line formation ofFL in Eq. (2). We call such a
formation, which consists of sub-formations, acompound
formation.

3.2 Holonic Formation Maintenance

A maintained formation means that all members of the for-
mation are in their correct positions according to its forma-
tion shape. Before presenting the control for holonic for-
mations, we firstly present the robotic control for simple
formations to maintain formation. In [8], we use the con-
cept ofdesired positionanddesired vectorto let a successor
robot follow its predecessor robot. Considering a robot,Ri,
and its predecessor robot,Rj , if we know the position of the

predecessor robot, we can obtain the desired position of the
successor robot according to the formation shape or, exactly
speaking, the edge relation, such as Eq. (1). Assume that
the distance between the actual position and the desired po-
sition ofRi is represented as vector∆l. The desired vector
(or desired velocity) ofRi, vd

i , is obtained as

v∆l = α1∆l (4)

vd
i = vj + v∆l, (5)

whereα1 is a positive constant andvj is the velocity of
Rj . Two partial vectors of the vectorvd

i arevj andv∆l,
where the partial vectorvj can let the successor robot fol-
low the predecessor robot and the partial vectorv∆l can let
the successor robot approach its desired position to maintain
formation. We can modify the value ofα1 to adjust the ap-
proaching speed. The work of [8] demonstrates by theorems
and by simulation results that the control of Eq. (5) makes
a successor robot maintain formation with its predecessor
robot.

We can extend the concept of desired position and de-
sired vector to the holonic formation maintenance. A suc-
cessor holon can obtain the relation between it and its pre-
decessor holon from the edge relation such as Eq. (1),
and then obtains its desired position by calculation if the
successor holon can detect the position of its predecessor
holon. The successor holon may be a mobile robot or a
sub-formation. If the successor holon is a mobile robot, the
successor holon can use the method of Eq. (5) to approach
its desired position and to maintain formation. If the suc-
cessor holon is a sub-formation, the leader holon of the sub-
formation is responsible for moving to the desired position
of the holon. Because we use the leader-following approach
to maintain formation, when the leader holon moves, other
follower holons in the sub-formation will also follow the
leader holon. Hence, the whole sub-formation will move to
its desired position. Since both a mobile robot and a sub-
formation will move to their desired positions, the holonic
formation is maintained.

4 Robot Holon

Intelligent agents are suitable for implementing the concept
of a holon, because first, an intelligent agent is a program
with similar attributes to a holon, such as autonomy and
cooperation [12]. Second, several agents can cooperate to
form a multiagent system (MAS), and several MASs can
cooperate to form a larger MAS; this attribute is similar to
“a holon can be part of another holon.” Many researchers
use the concept of agent to implement an HMS [13]. In this
paper, we adapt the agent architecture VOMAS [8] to be the
architecture of therobot holonshown in Figure 2 in order to
control each mobile robot to maintain holonic formations.
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Figure 2: The architecture of a robot holon.

Each mobile robot is controlled by a robot holon, and two
main agents in it are thevirtual operatoragent and therobot
agent, where the virtual operator deals with high level task
planning and the robot agent handles low level reactive con-
trol.

4.1 Robot Agent

We use motor-schema (a kind of behavior-based control)
[2] to design the robot agent, so that the robot agent can
control the mobile robot reactively. The behaviors of the
robot agent include

• Obstacle Avoidance: Robots can avoid bumping into
obstacles.

• Robot Avoidance: Robots can avoid bumping into
other mobile robots.

• Goal Seeking: Robots can move to its goal. This be-
havior is designed for the leader robot to lead the whole
formation to a specific goal.

• Predecessor Following: A successor robot can main-
tain the relation of an edge, such as Eq. (1), to follow
and maintain formation with its predecessor robot by
using the method described in Section 3.2.

The reader can refer to [8] for detailed design of behavior-
based control of the robot agent.

4.2 Virtual Operator

The robot agent can handle reactive control of a mobile
robot; in contrast, the virtual operator deals with which
robot the predecessor is and the relation between this robot
and its predecessor. To implement it, a virtual operator re-
quires the knowledge of an HID sequence and a formation
graph, such as those in Eqs. (2) and (3). According to the

knowledge, a virtual operator can know the relation between
this holon and other holons, and it can maintain formation
with its predecessor holon by using the behavior of “prede-
cessor following” from the robot agent.

Each virtual operator can perform a high level task. The
main difference between a virtual operator and another one
is their corresponding tasks. We can design several virtual
operators with various tasks to perform various roles for
mobile robots, such as pursuers and evaders in Section 5.3.

A virtual operator supports four requests for mobile
robots to organize multi-team control, and they are thejoin,
remove, merge, andsplit requests. A mobile robot can send
a join request via agent communication language (ACL) to
a leader robot to join its simple formation. In contrast, the
remove request lets a robot remove itself from a simple for-
mation. The merge request can let two simple formations or
two compound formations merge into a larger compound
formation; in contrast, the split request can split a com-
pound formation into several smaller formations.

5 Implementation

5.1 Simulation Platform

We use Borland C++ Builder (BCB) to build a simulator to
simulate mobile robots. We use JADE (Java Agent DEvel-
opment framework) to build agents, such as the virtual op-
erator and the robot agent. We use Internet to communicate
information and commands between agents and the simu-
lator. In addition, we use JESS (Java Expert System Shell)
to code planning or tasks for each role (virtual operator) in
Section 5.3.

5.2 Results of Holonic Formations

Figure 4 shows three kinds of holonic formations, i.e. the
line-column, column-wedge, and column-line formations.
The figures in the upper row show the snapshots of robots
after executing for a while, and formations in these figures
are only roughly maintained. The lower row shows that the
formations are well maintained. The line-column formation
is the same as the formation shown in Figure 1 and its for-
mation graph is represented in Eq. (3) withld of 50 cm.
Similarly, the column-wedge and the column-line forma-
tions are a wedge and a line formation formed by several
column sub-formations. The formation graphs of these two
formations areFCW andFCL shown in Figure 3.

5.3 Multi-Team Control

A holonic formation consists of several sub-formations and
each sub-formation can be treated as a small team to ac-
complish a task. In order to test multi-team control for
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Figure 4: Simulation results of holonic formations.
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Figure 5: Design of the pursuit-evasion game. (a) Activity diagram of the pursuer teams. (b) State diagram of the evaders.
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Figure 6: The simulation results of the pursuit-evasion game. TS: time steps.
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FC = {E(i > 1, Hi, Hi−1, 50, 180◦)|Hi ∈ R, i ≤ 2}
FCW = {E(i = 2, H2, H1, 120, 135◦),

E(i > 2, Hi, Hi−2, 120, 135◦ + 90◦(i%2))|Hi = FC}
FCL = {E(i = 2, H2, H1, 120, 90◦),

E(i > 2, Hi, Hi−2, 120, 90◦ + 180◦(i%2))|Hi = FC}

Figure 3: The formulas for the column-wedge and the
column-line formations.

holonic formations, we design a pursuit-evasion game to
clarify the capability of multi-team control. The scenario
of the pursuit-evasion game is described as follows. Six
pursuers (unicycle-type robots) form two teams in a holonic
formation, and the goal of each team is to pursue a respec-
tive evader (car-like robot). In the beginning, the two pur-
suer teams will move from the home zone toward the evader
zone in a line-column formation, and the evaders just wan-
ders. After these pursuers enter the evader zone, they detect
their respective evaders and split into two teams to capture
their corresponding evaders; meanwhile, the evaders will
try to flee away. After they capture their evaders, they then
go back to the waiting base to wait the other pursuer team.
When the other team arrives, the two pursuer teams merge
into and reform a line-column formation and then go back
home together. Note that this simulation mainly focuses on
feasibility of multi-team control and not on the algorithm of
how a pursuer can capture an evader, so that the maximum
speed of a pursuer is set three times faster than that of an
evader, and a pursuer can easily capture an evader.

From the scenario mentioned above, the pursuit-evasion
game requires two kinds of roles (virtual operators): pur-
suer and evader. In addition, it also requires two kinds
of robot agents for the two robot platforms: unicycle-type
robots and car-like robots. Based on the requirements, we
design two robot holons to control the mobile robots of pur-
suers and evaders, where the architecture and functions of
robot holons have been described in Section 4. As for the
high level task of virtual operators, we use Unified Mod-
eling Language (UML) to design the pursuers and evaders,
and their activity diagram and state diagram are shown in
Figure 5.

For the implementation, we use JADE to implement the
functions of virtual operators and robot agents described in
Section 4 and use JESS to implement high level tasks of pur-
suers and evaders as designed in Figure 5. The simulation
results are shown in Figure 6.

6 Conclusion

This paper used the concept of holon to solve the problem
of holonic formation control, in which a formation con-
sists of several sub-formations. The simulation results val-

idated the feasibility of holonic formations with taking ob-
stacle avoidance into account. In addition, multi-team con-
trol is also feasible by the architecture of robot holon, and
it is demonstrated by the simulation results of the pursuit-
evasion game.
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