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Abstract— This paper deals with the flocking problem of a
multi-robot system, that is, making the robots of a team grouping
together. The flocking behavior is achieved resorting to the
Null-Space-based Behavioral control by defining very simple
behaviors for each robot and properly arranging them in priority.
The algorithm, making the robots using only local information,
successfully achieves the flocking mission with or without a
rendez-vous point and in eventual presence of obstacles. Extensive
simulations, assuming 2 and 3-dimensional point-mass agents,
prove the effectiveness of the proposed algorithm.

I. INTRODUCTION

Biological species such as birds, ants or bees exhibit a

collective, or macroscopic, behavior by implementing local

interacting strategies. Among the different collective behav-

iors, flocking is an interesting emergent attitude that fascinated

researchers from several disciplines: physicists, social scien-

tists, animal psychologists, etc. Robotics, computer science

and control theory are also interested in this problem applied

to multi-robot, or multi-agent, groups when equipped with

limited sensing and communication capabilities [15]. Flocking

is strictly related to the study of self-organized networks of

mobile agents and it is a specific case study of the coordination

control of multiple robots, that includes distribute sensing,

exploration, coverage, search and rescue. The work in [11]

provides a significative overview about this control problem.

One of the first works concerning the motion coordination of

animals is dated 1986 by Reynolds [21]. A wide literature now

exists that reports interesting results concerning the flocking

problem. In [18] different solutions are investigated and their

stability analysis in discussed; the work [14] surveys recent

developments in modelling, analysis and design of distributed

motion coordination algorithms for multi-robot systems. An

aspect that strongly influences the coordination strategy is

the eventual possibility for one agent to explicitly exchange

information with its neighbors; this possibility poses the chal-

lenging problem of consensus, that is, reaching an agreement

regarding a certain quantity of interest that depends on the state

of all the agents. An overview of the information consensus

is given in [20] while the work [19] investigates consensus

algorithms with emphasis on robustness, time-delays and

performance guarantee. In [23], the proposed decentralized

controller is stable under arbitrary changes in the connected

network. The work [13] presents the stability analysis of sev-

eral decentralized strategies that achieve an emergent behavior.

Non-holonomic agents motion is explicitly taken into account

in [16].

Autonomous robotics has been strongly influenced by the

so-called robotics paradigm of behavior-based control [8],

[10] that can be described by the relationship between the

3 primitives of robotics: Sense, Plan, and Act. The behavior-

based paradigm represented one of the most investigated

approaches to the design of multi-robot systems. In this paper,

a possible solution to the flocking problem is proposed by

resorting to the behavioral approach defined NSB (Null-Space-

based Behavioral control) [5]. This approach, strongly related

to the kinematic control presented in [6], [7], has been recently

experimentally applied in a large number of multi-robot mis-

sions such as formation control or escort/entrap an autonomous

target [2], [3], [4]. However, this paper differs from these

previous works both for the novelty of the flocking mission

and for the control approach that results totally decentralized.

In fact, in this paper, the missions is performed making the

robots using of only local functions; that is, each robot needs

information of its only neighbors and the control strategy

can work in a decentralized manner. Extensive simulations,

assuming 2 and 3-dimensional point-mass agents, prove the

effectiveness of the proposed algorithm.

II. THE NSB CONTROL FOR MULTI-ROBOT SYSTEMS

In a general robot mission involving, e.g., an anthropomorphic

robot or a multi-agent platoon, the accomplishment of several

tasks at the same time is of interest such as, e.g., for a

manipulator arm to catch an object while avoiding obstacles.

A possible technique to handle the tasks’ composition has

been proposed in [9], which consists in assigning a relative

priority to the single task functions by resorting to the task-

priority inverse kinematics introduced in [17] for ground-fixed

redundant manipulators. Nevertheless, as discussed in [12],

just in the case of conflicting tasks it is necessary to devise

singularity-robust algorithms that ensure proper functioning

of the inverse velocity mapping. Based on these works, a

kinematic-control-based approach for multi-robot systems is



developed in [6] in the framework of the singularity-robust

task-priority inverse kinematics [12].

By defining as σ ∈ IRm the task variable to be controlled

and as p∈ IRl the system configuration, it is:

σ = f(p) (1)

with the corresponding differential relationship:

σ̇ =
∂f(p)

∂p
v = J(p)v , (2)

where J ∈ IRm×l is the configuration-dependent task Jacobian

matrix and v ∈ IRl is the system velocity. Notice that l
depends on the specific robotic system considered, in case

of a differential mobile robot l = 3, and the term system

configuration simply refers to the robot position/orientation,

for a multi-robot system l = 3n where n is the number of

robots, in case of a full actuated underwater vehicle l = 6.

An effective way to generate motion references pd(t) for the

vehicles starting from desired values σd(t) of the task function

is to act at the differential level by inverting the (locally

linear) mapping (2); in fact, this problem has been widely

studied in robotics (see, e.g., [22] for a tutorial). Moreover, the

vehicle motion controller needs a reference position trajectory

besides the velocity reference; this can be obtained by time

integration of vd. However, discrete-time integration of the

vehicle’s reference velocity would result in a numerical drift

of the reconstructed vehicle’s position. An efficient inverse

mapping is thus obtained using the least-squares solution in a

Closed Loop Inverse Kinematics (CLIK) version leading to:

vd = J†
(
σ̇d + Λσ̃

)
= JT

(
JJT

)−1 (
σ̇d + Λσ̃

)
(3)

where Λ is a suitable constant positive-definite matrix of gains

and σ̃ is the task error defined as σ̃=σd−σ.

The Null-Space-based Behavioral control intrinsically re-

quires a differentiable analytic expression of the tasks defined,

so that it is possible to compute the required Jacobians. In

detail, on the analogy of eq. (3), the single task velocity is

computed as

vi = J
†
i

(
σ̇i,d + Λiσ̃i

)
, (4)

where the subscript i denotes i-th task quantities. Let us further

define as

N i =
(
I − J

†
iJ i

)

the null space projector of the task i. If the subscript i also

denotes the degree of priority of the task with, e.g., Task 1

being the highest-priority one, in the case of 3 tasks and

according to [12], then, the CLIK solution (3) is modified

into

vd = v1 + N1v2 + N12v3 (5)

where N12 is the null space projector obtained by stacking

the Jacobians corresponding to the tasks 1 and 2. Extension

to a desired number of tasks is straightforward.

A. Centralized/Decentralized architecture

Depending on the algorithm’s implementation, it is possible

to give it a centralized or decentralized architecture. Three

different implementation may be possible:

• Centralized. At least one task function requires global

information, this is the case, e.g., of a simple cen-

troid + variance formation control [2]. In such a case,

each vehicle needs to know the platoon’s state in order

to generate its desired motion.

• Decentralized. All the task functions are defined with

respect to each vehicle state and the information available

by local sensing. This is the architecture adopted in this

paper.

• Decentralized via information sharing. The task functions

still require the whole platoon’s state to be defined but

each vehicle generates its desired motion on a local

estimation of it.

III. THE FLOCKING PROBLEM

Inheriting the nomenclature from [18], a graph G is a pair

(V, E) that consists in a set of vertices V = {1, 2, . . . , n}
and edges E ⊆ {(i, j) : i, j ∈ V, j 6= i}. In this paper, un

undirected graph will be considered, i.e., (i, j) ∈ E ⇒ (j, i) ∈
E . The scalar quantities |V| and |E| will be denoted as order

and size of the graph, respectively. The adjacent matrix A

collects the information concerning the edges such that ai,j 6=
0 ⇔ (i, j) ∈ E ; for undirected graph it is A = AT. The set

of neighbors of node i is defined as

Ni = {j ∈ V : ai,j 6= 0} = {j ∈ V : (i, j) ∈ E}.

The 3-dimensional position of each node is denoted as qi. The

configuration of all the nodes of the graph is defined as the

vector q ∈ IR3n defined as

q = [ q
1

q
2

. . . qn ]
T

.

A framework, or structure, is a pair (G, q) that consists in a

graph and the configuration of its nodes. A group of dynamic

node/agents has equation of motion

q̇i = ui ∀i ∈ V,

in alternative, second order kinematic equations can be

used [18]. If one further defines an interaction range r between

two agents, it is possible to compute the neighbors of each

agent as

Ni = {j ∈ V :
∥∥qi − qj

∥∥ < r}

where ‖·‖ represents the Euclidean norm.

One possible model to represent the spatial order of flocks

is achieved by defining a geometric structure. Among the

possible choices one is given by the α-Lattice structures

obtained by all the configurations that satisfy:
∥∥qi − qj

∥∥ = d ∀j ∈ Ni(q) (6)

where d is the lattice’s scale and κ = r/d is the lattice’s ratio.

Obviously, an α-Lattice is characterized by edges of the same

length.



Configurations close to the α-Lattice are the quasi-α-Lattice

that introduces a tolerance in the definition (6):

−δ ≤
∥∥qi − qj

∥∥ − d ≤ δ ∀(i, j) ∈ E(q), (7)

Figure 1 reports an example of a quasi-α-Lattice structure

achieved with the algorithm proposed in this paper, the nu-

merical details are given in Section V.
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Fig. 1. Example of quasi-α-Lattice for 50 agents obtained with the algorithm
presented in this paper in a 2-dimensional version.

A sort of metrics that measures the distance of a quasi-

α-Lattice from a α-Lattice is given by an index defined as

deviation energy [18]:

E(q) =
1

|E(q)| + 1

n∑

i=1

∑

j∈Ni

(∥∥qi − qj

∥∥ − d
)2

(8)

It is worth noticing that the global minimum of such an index

is achieved for α-Lattice geometries.

In this paper, the flocking problem will be solved as finding

a control law ui(Ni) for all the agents in order to achieve a

quasi-α-Lattice structure.

IV. FLOCKING VIA THE NSB APPROACH

According to the NSB approach given in Section II and the

flocking problem described in Section III, it is necessary to

properly define several task functions that, activated by a

supervisor, will constitute the agent behaviors. Notice that

the generic system configuration, denoted as p in Section II,

is represented by the agents’ positions, denoted as q in

Section III and in the following. Consequently, the system

velocity v in Section II is simply the agents’ velocity q̇ that is

the input of the flocking problem as described in Section III.

A. Tasks’ definition

The definition of only two tasks is sufficient to generate the

flocking behavior to the group of agents. An additional task

is required in case of the presence of obstacles. Each of the

functions is defined for each agent and relies on the only

neighbors’ information:

Lattice task. This task function σl,i ∈ IR is aimed at

keeping a constant distance (the lattice’s scale) between

two agents whose distance is smaller than the interaction

range:

σl,i =
∥∥qi − qj

∥∥ with σ
l,i,des = d

Its Jacobian J l,i ∈ IR1×3 and Null N l,i ∈ IR3×3 matrices

are defined as

J l,i = q̂
T

ij

N l,i = I − q̂ij q̂
T

ij

where

q̂ij =
qi − qj∥∥qi − qj

∥∥

Moving to rendez-vous task. The task function σr,i ∈
IR3 is aimed at creating a connected graph. Its definition

is simply given by the agent position

σr,i = qi with σ
r,i,des = qrv

where qrv is the rendez-vous point. The (3×3) Jacobian

is simply the Identity matrix and the Null space projector

is the (3 × 3) null matrix. It is worth noticing that it is

useless to add tasks of lower priority with respect to this

one.

Obstacle avoidance task. Obstacle avoidance for au-

tonomous robots is a mandatory task and, resorting to

the NSB approach, has been deeply discussed in previous

papers such as, e.g., [7], [5]. Not surprisingly, the obstacle

avoidance task function is formally equal to the lattice

task:

σo,i = ‖qi − qo‖ with σ
o,i,des = do

and



Jo,i = q̂
T

io

No,i = I − q̂ioq̂
T

io

with q̂io =
qi − qo

‖qi − qo‖

where qo is the position of the obstacle.

B. Supervisor

The supervisor is an higher level function that, for each agent,

is in charge of selecting the priority of the active tasks.

According to the DOFs considerations given, e.g., in [5], it

is convenient to properly take into account the dimension of

each task and to avoid requiring the fulfillment of an overall

dimension larger that the available DOFs.

Each of the agent is aware only of the other agents inside

its interaction area. Among them, a list ki containing agents

∈ Ni sorted by their distance with respect to i is considered

being ki(1) the closest.

By referring to a 3-dimensional case, each agent computes

the desired velocities corresponding to

• Lattice task with respect to the agent ki(1) (if at least

one agent ∈ Ni);

• Lattice task with respect to the agent ki(2) (if at least

two agents ∈ Ni);



• Lattice task with respect to the agent ki(3) (if at least

three agents ∈ Ni);

• Moving to rendez-vous task (if present in the mission

specification);

• Obstacle avoidance task (if qo ∈ Ni).

These five tasks need to be properly activated and arranged in

priority. A trivial situation arises when the flocking is required

without a rendez-vous point and the set Ni is empty, in such

a case the agent obviously stays still.

Let us first consider the case of the absence of obstacles in

the set Ni, in this case the supervisor computes the Lattice

tasks assigning the higher priority to the closest agent. Since

the Lattice task is monodimensional, if at least three agents

belong to Ni the moving-to-rendez-vous task is discarded;

otherwise, it is added as the lowest in priority. It is worth

noticing that, even if more than three agents belong to Ni,

for the presented approach it is sufficient to consider only the

closest three and not all of them as proposed in [18].

Let us now consider one obstacle in the interaction range

of the agent, the supervisor firstly computes the desired

velocity without the obstacle, it then checks if the agent would

approach the obstacle or go away from it. In the latter situation

nothing is changed with respect to the non-obstacle case. If,

on the other side, the agent would approach the obstacle, then,

the obstacle-avoidance task is selected as primary task, all the

tasks are correspondingly lowered in priority and the last one

is eventually removed if the sum of the tasks’ dimension is

larger than three.

For seek of clarity, let us imagine a situation where the

agent i has only one agent j inside the interaction range, its

supervisor would then consider:

priority task dim.

1 lattice between i and j 1

2 rendez-vous 3

If, on the other side, several agents and the obstacle are inside

the interaction range, then, the supervisor would output:

priority task dim.

1 obstacle avoidance between i and qo 1

2 lattice between i and ki(1) 1

3 lattice between i and ki(2) 1

Is is worth noticing that in [18], as well as in this paper,

each agent needs to know the position of other agents present

in a set Ni that is simply a circle around it. This assumption

is reasonable for robotic agents but not for biological flocks

mainly characterized by directional sensing such as, e.g., the

eye-based vision. Future research might consider anisotropic

sets Ni and proper tasks that take it into account.

V. SIMULATION RESULTS

Extensive simulations were run under Scilab [1] to

test the algorithm performance. In particular the test

concerned the presence/absence of a rendez-vous point

and its eventual non-null velocity, the presence/absence

of obstacles, the 2D/3D implementation. Moreover, the

simulations were run with different number of robots

and different lattice’s scale. Due to the lack of space, a

representative part of the simulations will be shown in

this section; some animations can be found at the address

http://webuser.unicas.it/lai/robotica/video

where it is possible also to view some experiments obtained

with a platoon of 7 wheeled mobile robots. For all the

simulations the sampling time is fixed to T = 0.1 s, moreover,

the CLIK gains are λp = 0.5, λl = 1 and λo = 0.5. The

robots are initially placed randomly according to a Gaussian

probability density function with null mean and variance

proportional to the number of robots. Moreover, the Deviation

Energy, as index of the closeness to a regular α-lattice

structure, tends always to the minimum with a rate that

depends on several factors such as the simulation sampling

time and the size of the group.

The α-lattice structure shown in figure 1 has been achieved

with 50 agents and a lattice’s ratio κ = 1.2 (d = 7 m and

r = 8.4 m).

Figure 2 reports the final configuration for a 3-dimensional

100-agents flocking in absence of obstacles with a rendez-vous

point in the origin of the axes.
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Fig. 2. Final configuration for a 3-dimensional 100-agents flocking.

Figure 3 shows four snapshots of a 30-agents flock in

presence of a rendez-vous point in the origin and an obstacle

with coordinates [ 6 6 ]
T

m.

The Figure 5 presents the three-dimensional case of 15
robots without obstacle and with static rendez-vous point. Due

to the difficult readability of the snapshots, however, the reader

is referred to the corresponding animation to better appreciate

the robots motion.

The Figure 4 presents the final configuration for a bidimen-

sional flocking in absence of rendez-vous point. As noticed

in [18], in this case a fragmentation phenomenon is observed,

due to the decentralized nature of the algorithm and the

absence of any global information on the number and position

of the other agents. Moreover, information flow among the

agents is not considered.

All the simulations were successful in that the agents
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Fig. 3. Snapshots for a 30-agents flocking in presence of a rendez-vous point and an obstacle.
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Fig. 4. Final configuration for a bidimensional flocking in absence of rendez-
vous point.

reached a steady state in a α-Lattice structure.

VI. CONCLUSIONS

In recent years, the Null-Space-based Behavioral control ap-

proach has been applied for a wide range of robotic systems. In

case of multi-agent systems, e.g., problems such as formation

control, escorting a target, or reconfiguration as a mobile ad-

hoc network, have been successfully achieved. In this paper,

the flocking problem of a group of dynamic agents has been

addressed. Flock in presence of a common rendez-vous point

and/or in presence of obstacles has been discussed and verified

by numerical simulations. It has been shown that very simple

task functions activated by a supervisor can successfully

handle the flocking problem.
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