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Abstract

The control and coordination of mobile robots in groups
that can freely cooperate and move on a plane is a widely
studied topic in distributed robotics. In this paper, we focus
on the flocking problem: there are two kinds of robots: the
leader robot and the follower robots. The follower robots
are required to follow the leader robot wherever it goes (fol-
lowing), while keeping a formation they are given in input
(flocking). A novel scheme is proposed based on the rela-
tive motion theory. Extensive theoretical analysis and sim-
ulation results demonstrate that this scheme provides the
follower robots an efficient method to follow the leader as
soon as possible with the shortest path. Furthermore, this
scheme is scalable, and the processing load for every robot
is not increased with the addition of more robots.
Keywords. Distributed system, Mobile robots, Flocking al-
gorithm, Motion theory, Control and coordination.

1. Introduction

The control and coordination of mobile robots in groups
is a widely studied topic in distributed robotics. Robots are
used to relieve humans of tasks that are included in the four
aspects of robotics: dirty, dull, dangerous or difficult [6,
13-17]. It is much like man that has always developed tech-
nology to save time for other more challenging tasks, now
the time has come for robots. Mobile robots cooperating in
groups offer several advantages, e.g., redundancy and flex-

ibility, and can sometimes perform tasks that would be im-
possible for one single robot [2, 3, 5, 7]. Recent advances in
robotics have started making it feasible to deploy large num-
bers of inexpensive robots for tasks such as surveillance and
search. However, coordination motion of multiple robots
in a plane to accomplish such tasks remains a challenging
problem.

In this paper, we study the flocking problem, where there
are two kinds of robots: the leader and the follower. The
leader acts independently of the others, and we can assume
that it is driven by a human pilot or supervisor. Every fol-
lower can distinguish the leader from the other followers.
And the followers are required to follow the leader wher-
ever it goes (following), and stay in a formation they are
given in input (flocking). In this context, a formation is sim-
ply a pattern described as a set of points in the plane. And
all the robots have the same formation in input. There are
several applications for flocking of a group of robots, such
as in military [8], or in factories, where robots can be asked
to move heavy loads [4].

Although many papers have addressed the flocking prob-
lem, few studies have focused on the efficiency of the algo-
rithm [18-19]. To this question, this paper presents a novel
scheme to obtain the shortest distance and the shortest time
to finish the formation and move in some pattern. Simula-
tion results further demonstrate that this can solve the flock-
ing of a group of autonomous mobile robots quickly.

The remainder of the paper is organized as follows: Sec-
tion 2 discusses more work related to flocking problem. In
Section 3, the system model and basic concepts are defined.



Section 4 presents the novel flocking algorithm. In Sec-
tion 5, we evaluate the performance of the proposed algo-
rithm. Finally, we conclude our work and discuss further
work in Section 6.

2. Related work

In order to design and evaluate the solutions of flocking,
the approach usually adopted is to design solutions based on
heuristics and tailored to the capabilities of the robots em-
ployed, and then test the solutions by computer simulations,
or on real robots.

For instance, experiments in [9] were conducted on a
team of simple mobile units in order to produce complex
behaviors, by compounding basic ones. For example, safe-
wandering, i.e., the ability to avoid collisions while moving;
dispersion, i.e., the ability of the robots to spread out over
an area; aggregation, i.e., the ability to gather; and gath-
ering, i.e., the ability to reach a predetermined destination,
and so on. In particular, the author points out that flocking
can be obtained by combining safe-wandering, aggregation,
dispersion, and gathering.

T. Balch and C. Arkin studied formation and navigation
problems in a team of multi-robots. In particular, in [10]
the problem of specifying the behavior for the navigation
of a mobile unit is analyzed, and results of both computer
simulation and real experimentation are reported. In [8],
the approach is extended to multi-robot teams that navigate
the environment maintaining particular formations: in par-
ticular the cases of a line, column, diamond and wedge are
examined. In their study, the authors assumed that the path
along which the group of robots had to move was known in
advance to every unit.

In [11], the robots were asked to move in a matrix shape
along a path represented by a straight line followed by a
right turn and then a straight line again. In contrast, in this
paper we do not assume any knowledge by the followers of
the path that the leader will follow. The followers have only
a common description of the formation they have to keep
while moving.

A similar problem is studied in [12], where the au-
thor derives equations describing navigational strategies for
robots moving in formation, and following the movement
described by one (or more) leader. In the studied frame-
work, the robots have identities, hence their positions in the
formation are fixed. Moreover, in order for the ith robot to
compute its position at time t, it has to know the position
of either the (i − 1)th robot or the leader at time t. Hence,
some degree of synchrony has to be introduced in order to
implement these strategies.

In [1], an algorithm solving this problem has been tested
by using computer simulation; the algorithm assumes no
agreement. All the experiments demonstrated that the algo-

rithm performed well, and in all cases the followers were
able to assume the desired formation and to maintain it
while following the leader along its route. Moreover, the
oblivious of the robots in the algorithm contributes to the
result, since the followers do not base their computation on
leader’s past positions. Unfortunately, in all the above pa-
pers, there is no consideration about the speed, i.e., how fast
the followers can follow the leader to form into a certain
pattern.

3. System Model

We study the distributed coordination and control of a set
of asynchronous, anonymous, memory-less mobile robots
that can freely move on the two-dimensi-onal plane, and the
leader can communicate with the followers. In particular,
we study the flocking problem, i.e., to form a certain pattern
and follow a designated robot, the leader, while maintaining
the pattern. And, we assume all the robots are viewed as
points, that is, the size of the robot is not considered. The
robots can not communicate each other (see Fig. 1).
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Figure 1. A basic robot model for directed tar-
gets [4].

The robots unit have simple computational capabilities.
They are equipped with sensors that let all robots observe
the positions of the leader of the flock. All robots are able to
observe their surroundings, computing a destination based
on what they observed, and moving towards the computed
destination; hence they performs an (endless) cycle of ob-
serving, computing, and moving [4].

All robots have their own local view of the world. This
view includes a local Cartesian coordinate system having
an origin1, a unit of length, and the directions of two coor-

1Without losing generality, we can assume the origin of the coordinate
system to be the position of the robot.



Table 1. Parameter description

Parameter Description
vL The velocity of the leader L

F A follower robot

vF The velocity of the follower F

T The target position of the follower robot F

vmax The maximum available velocity for each follower

dinate axes2, together with their orientations, identified as
the positive and negative axes. In general, there is no agree-
ment among the followers on the properties of the local co-
ordinate systems (i.e., the robots have different concepts of
where North, East, South, and West are) [4].

4. The New Flocking Algorithm

In detail, we consider the basic robot model for directed
targets as shown in Fig. 1 (directed wedge formation). No-
tice that, there are n multiple followers (F1, F2, · · ·, Fi, · · ·,
Fn), one leader (L), and a certain directed target pattern.
The follower Fi will get the target Ti and then follow the
leader L.

We use the relative motion theory of motion of objects to
solve the cooperative flocking of the mobile robots. We as-
sume that every robot has its own coordinates in the plane.
In order to make all the followers approach the leader as
soon as possible, each follower follows its leader at its max-
imum available velocity (vmax) before reaching its target.
Each robot can observe using its own compass, compute
and move.

The follower robot can get its relative velocity to the
leader by the equation:

v = δS/δt

where δS is the difference of the distance between the
follower and the leader during the period δt. And the ori-
entation of the velocity can be gotten by the follower’s own
compass.

In order to further describe our algorithm, we assume the
variables in Table 1.

Among these variables, vL, vF and vmax are the vectors.
Based on the relative motion theory, if we assume the leader
is a reference object, i.e., the leader is still, then the follower
robot F will have a velocity |vL|, and the direction of rel-
ative velocity of the follower is opposite to the velocity of

2We can refer to two coordinate axes as the x and y axes.

the leader L, vL. In details, we discuss the motion of the
followers in the following two cases based on the angle α
between the vector vL and the vector −→FT .

4.1. case 1: α = 0 or π

When the direction of the leader’s velocity vL is parallel
with the line −→FT (see Fig. 2(a)), the follower F moves with
maximum velocity along the direction of −→FT , i.e., |vF | =
|vmax|.

In Fig. 2(a), a coordinate system can be built using the
position of the follower F as the origin. Assume the coordi-
nate of the target is (xt, yt), then the follower F will arrive
at the target in the period

√

((xt)2 + (yt)2)/(|vmax − vL|).

4.2. Case 2: α 6= 0 and α 6= π

When the direction of the leader’s rate of the leader is
not parallel with the line −→

FT , i.e., there is an acute angle or
an obtuse angle between −vL and the vector −→FT (see Fig.
2(b), i.e., for the angle 6 α, 6 α 6= 0, and 6 α 6= π). The
acute angle and the obtuse angle cases have the same anal-
ysis algorithm, here we just choose the obtuse angle case as
an example.

In general, we assume that the velocity of the leader L
is less than that of the followers; otherwise, the followers
cannot follow the leader, i.e., |vL| < min{|vF 1|, |vF 2|, · · ·,
|vF n| } [1]. The motion target of the follower F is to arrive
at the target position T that is near the leader, and to form
some formation.

In order to describe the algorithm, we build the coordi-
nate system as shown in Fig. 3, and we assume that the co-
ordinates of the leader is L(xl, yl), while the follower F is
the origin of the coordinate system. The target coordinates
of the follower F is T (xt, yt).

Therefore, we can get the function of the line −→
FT :

y =
yt

xt

· x. (1)



F

Lv

Lv

T

L
Fv x

y

),( tt yx

)0,0(F

Lv

Lv x

y

),( aa yxA
),( bb yx

B
),( tt yxT

),( ll yxL

(a) (b)

Figure 2. The presented fast flocking algorithm: (a) The orientation of the
leader’s velocity vL is parallel with the vector −→

FT ; (b) The orientation of the
leader’s velocity vL is not parallel with the vector −→FT .

The detailed description is as follows:
Based on the above coordinate system, we can construct

a circle, where the center of the circle is F , and the radius
is the velocity |vF | (here we choose the maximum velocity
for the robot to let the robot reach the target T as soon as
possible, i.e., |vF = vmax|). Then one gets the function of
the circle C:

x2 + y2 = |vF |2. (2)

If the follower F can reach the target T , then the sum
vector of vectors vF and −vL must have the same direction
as the vector −→

FT . So we assume that there is a point B
(xb, yb), where −−→FB = vF + (−vL). Then B must be in the
beeline FT described by Function (1). So

yb =
yt

xt

· xb. (3)

Based on the point B, we draw vector −−→AB, where point
A (xa, ya) is in the circle (2) and −−→

AB has the same direction
as vector −vL. So

xa
2 + ya

2 = |vF |2. (4)

If |−−→AB| = |(−vL)|, i.e.,
√

(xb − xa)
2

+ (yb − ya)
2

= |vL|. (5)

Then we can get −−→AB = −vL, i.e.,

vF + (−vL) =
−−→
FB. (6)

Therefore, the follower F moves with the maximum ve-
locity along−→

FA. And it will spend time |FT |/|vF +(−vL)|
to reach the target T .

Furthermore, −−→AB ‖ (−vL), and −vL is in the line axis
x, so

ya = yb. (7)

From Equations (5) and (7), we can obtain

(xb − xa)2 = |vL|2. (8)

The angle 6 α is an obtuse angle, so ya = yb > 0, xa >
xb > 0. Then from Equation (8), we can obtain

xa = xb + |vL|. (9)

Substitute yb of Function (3) into Function (4), and ya =
yb, one has

xa
2 + (

yt

xt

)2 · xb
2 = |vF |2. (10)

Substitute xa of Function (9) into Function (10) and ob-
tain:

(xb + |vL|)2 + (
yt

xt

)2 · xb
2 = |vF |2, (11)

i.e.,

(1 +
yt

2

xt
2
) · xb

2 + 2 · |vL| · xb + |vL|2 − |vF |2 = 0. (12)



For the unknown parameter xb in Equation (12), the dis-
criminant 4 is

4 = 4 · |vL|2 + 4 · (1 +
yt

2

xt
2
) · (|vF |2 − |vL|2) (13)

Since |vL|2 < |vF |2, then 4 > 0. Then

xb =
−2|vL| ±

√

4 · |vL|2 + 4 · (1 + yt
2

xt
2 ) · (|vF |2 − |vL|2)

2(1 + yt
2

xt
2 )

(14)
For

4 · |vL|2 + 4 · (1 +
yt

2

xt
2
) · (|vF |2 − |vL|2) > 4 · |vL|2, (15)

then
√

4 · |vL|2 + 4 · (1 +
yt

2

xt
2
) · (|vF |2 − |vL|2) > 2 · |vL|.

(16)
Furthermore, since xb > 0, then

xb =
−xt

2|vL| + xt

√

xt
2|vF |2 + yt

2(|vF |2 − |vL|2)
yt

2 + xt
2

.

(17)
Substitute xb of Equation (17) into Equation (9) and ob-

tain:

xa = |vL|+
−xt

2 · |vL| + xt ·
√

xt
2 · |vF |2 + yt

2 · (|vF |2 − |vL|2)
yt

2 + xt
2

,

(18)
i.e.,

xa =
yt

2 · |vL| + xt ·
√

xt
2 · |vF |2 + yt

2 · (|vF |2 − |vL|2)
yt

2 + xt
2

.

(19)
Substitute xb of Equation (17) into Equation (3), and

ya = yb, then we can obtain

ya = yb =

−xtyt · |vL| + yt ·
√

xt
2 · |vF |2 + yt

2 · (|vF |2 − |vL|2)
yt

2 + xt
2

.

(20)
Based on the above analysis, the follower F moves with
maximum velocity along the direction −→

FA with the slope
arctan(ya/xa), i.e.,

arctan(
−xtyt|vL| + yt

√

xt
2|vF |2 + yt

2(|vF |2 − |vL|2)
yt

2|vL| + xt

√

xt
2|vF |2 + yt

2(|vF |2 − |vL|2)
).

(21)

And the time to reach the target T is shown by
|FT |/(vF + (−vL)) (i.e.,

√

(xt
2 + yt

2)/
√

(xb
2 + yb

2)).
Substitute xb and yb of Equations (17) and (20) into the
above equation, and the time is

xt
2 + yt

2

√

xt
2 · |vF |2 + yt

2 · (|vF |2 − |vL|2) − xt · |vL|
. (22)

After the follower robot reaches its target, it will follow
the track of the leader closely. The distance between the
leader and the target of the follower F is RF . When the
leader rotates at the joint rate ω, the velocity of the follower
F will become (vL + RF ∗ ω) [1].

4.3. Analysis of the algorithm correctness

In the above algorithm, using the follower F as the ori-
gin, the coordinate system is built. So each follower has its
own local coordinate system. If all followers use a public
coordinate system, then the follower F has the correspond-
ing coordinates (xf , yf ). In this case, we use a similar algo-
rithm, and only exchange the coordinate system, i.e., using
(x − xf ) and (y − yf ) instead of x, y respectively in the
above analysis. Thus, this algorithm is suitable for a local
coordinate system, and a public coordinate system.

The above algorithm is suited to the case that the leader
has the same velocity vL before the followers arrive at the
targets. Actually, the leader can change velocity sometimes.
Then in that case, each robot should dynamically change the
corresponding relative velocity −vL, and change to the new
velocity based on the above scheme. So our scheme is still
suited to this dynamic case.

Theorem 1: The follower F moves along the direction
of −→FT , and at the velocity of vmax, and it must arrive at its
target by (1) the shortest distance and (2) the least time.

Proof:
(1) The follower F moves along the direction of −→

FT ,
which is the shortest path to arrive at its target. Based on
the geometric theorem, the line segment −→FT is the short-
est path between two points F and T . Here we assume the
length of the line segment FT is sleast, where sleast =
√

(yF − yt)2 + (xF − xt)2, here, (xf , yf ) are the coordi-
nates of the follower F .

(2) In order to save time, the follower F will move as
fast as it can, i.e., at the maximum rate of vL. Based on
the equation of velocity, the time t = s/v, where s is the
distance between the follower and its target, and v is the
velocity of the follower robot. Therefore, we can get the
least time sleast/|vF − vL| to reach its target.

From the above analysis, we arrive at the conclusion that
in this scheme the follower robot can follow the leader and
form a pattern with the shortest path and the least time. And
using the same method, all the followers can eventually fol-
low the leader with some predefined pattern.



(a) 1.5 s (b) 3 s (c) 8 s

Figure 3. The navigation track of two followers and the leader. Here before
the two followers reach targets, the leader doesn’t change direction.

5. Performance Evaluation

To evaluate the performance of the proposed solution of
flocking, we focus on the following parameters: path length,
and moving time. We assume that the robots moving time at
a certain velocity is dominant compared to the acceleration
period.

Our method is inherently highly flexible in the kinds of
geometric formations that can be maintained. Here we give
a representative example, where there are two followers and
one leader, and the two targets are both sides of the leader
to form a line formation, and each one is 10 cm distant from
the leader. The simulation model is similar to Fig. 1. The
line connecting the two targets is vertical with the direction
of the leader rate, and all the robots use the public coor-
dinate system. The initial place for the two followers and
the leader are (1, 4), (2,−4), and (−1, 0) respectively. The
maximum available velocity for the followers are the same
20 cm/s, and the leader’s velocity are 10 cm/s, while di-
rection can be changed freely.

We divide the simulation into two kinds of cases based
on whether the leader changes direction before the two fol-
lowers reach targets. The simulation results are shown in
Figs. 3-4.

In Fig. 3, before the two followers reach targets, the ve-
locity of the leader doesn’t change. With the change of
the simulation time, Fig. 3(a), Fig. 3(b) and Fig. 3(c) show
the navigation track of two followers and the leader for
1.5 s, 3 s, and 8 s, respectively. In every sub-figure, the
circles mean the initial positions of the two followers and
the leader. The arrowhead means the position for a mobile
robot at the end of the simulation time. From the simula-
tion results, we find that Follower 1 spent (

√
52 − 1)/3 s

to reach the target ((
√

52 − 1)/3, 0), and Follower 2 spent

(
√

28 − 2)/3 to reach the target ((
√

28 − 2)/3,−2). After
that, the followers go with the leader in a formation. At 5 s,
the leader changed direction, and we could find the velocity
of the followers also changed to the same direction as that
of the leader, then they kept in a formation.

In Fig. 4, before the two followers reach targets, the
leader has changed its direction. Here Fig. 4(a), Fig. 4(b)
and Fig. 4(c) show the navigation track of two followers and
the leader at 1.5 s , 2.1 s, and 5 s, respectively. For this case
we use the same simulation setting as in the above, so we
can comparatively analyze them. During the first 1.5 s pe-
riod, Fig. 3 and Fig. 4 have same results. While, at the 1.5 s,
the leader changed its direction. At this time, the Follower 2
has reached the target, while the Follower 1 is on the way,
but did not reach the target. In this case, Follower 2 also
changed its velocity to the same direction and the same ve-
locity as the leader. While, Follower 1 re-computed the new
direction based on the leader rate, then it spent about 2.08 s
to reach the target (2.08, 0.58). After that, Follower 1 also
changed its rate to the same direction and the same velocity
as the leader. At 4 s, the leader changed its rate again. Then
the two followers changed their rates accordingly, and kept
in a formation.

In summary, the simulation results demonstrated that our
algorithm is an efficient solution of flocking with the short-
est path and time.

6. Conclusions

This paper addressed the flocking problem of a group of
mobile robots, and presented a novel efficient scheme for
robot flocking. Furthermore, the extensiveness theoretical
analysis proves the effective of this algorithm; and the sim-



(a) 1.5 s (b) 2.1 s (c) 5 s

Figure 4. The navigation track of two followers and the leader. Here before
the two followers reach targets, the leader has changed direction.

ulation results demonstrate the efficiency of the proposed al-
gorithm with the shortest path and time. In future work, we
will test this scheme with real robots. More mobile robots
will be developed to solve the searching and rescuing prob-
lems, while with more robots joining, we also should con-
sider conflict avoidance among robots when flocking.
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