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Abstract—This article investigated the distributed leader
follower formation control problem for multiple differentially
driven mobile robots. A distributed estimator is first intro-
duced and it only requires the state information from each
follower itself and its neighbors. Then, we propose a bioin-
spired neural dynamic based backstepping and sliding
mode control hybrid formation control method with proof
of its stability. The proposed control strategy resolves the
impractical speed jump issue that exists in the conventional
backstepping design. Additionally, considering the system
and measurement noises, the proposed control strategy
not only removes the chattering issue existing in the con-
ventional sliding mode control but also provides smooth
control input with extra robustness. After that, an adap-
tive sliding innovation filter is integrated with the proposed
control to provide accurate state estimates that are robust
to modeling uncertainties. Finally, we performed multiple
simulations to demonstrate the efficiency and effectiveness
of the proposed formation control strategy.

Index Terms—Adaptive sliding innovation filter, bioin-
spired neural dynamics, formation control, mobile robot.

I. INTRODUCTION

THE mobile robots have been widely used in many areas
with the advancement of vehicular technologies. The co-

operation among multiple mobile robots has vast applications
such as target search, environment surveillance, and transporta-
tion [1], [2]. Compared with single mobile robots, a multiple
mobile robot system gives extra fault tolerance, extra flexibility,
and completing tasks more efficiently [3], [4], [5]. Among all
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the applications of the multiple robot systems, formation control
is one of the most fundamental and critical research areas. The
objective of the robot’s formation control is to make each robot
achieve the velocity required for the multiple robot system to
maintain the prescribed formation pattern.

There has been extensive research on the formation control of
multiple mobile robots [6], [7], [8], [9]; the commonly used
coordination strategies include the virtual structure methods,
the behavior based approaches, and the leader-following based
approaches. It is observed that the leader-following approaches
have attracted increasing attention due to their nice properties
(e.g., easy to implement and analyze, good flexibility, etc.) [6],
[9], [10], [11]. However, notice that in their works it is assumed
that all followers can access the information of the leader’s state,
whereas most of the time accurate leader’s state information
could be challenging and complicated to obtain. Realistic fac-
tors such as communication bandwidth, the operating distance
among the robots, and the total number of robots in the system
can impact followers’ ability to obtain the accurate leader’s
information. Therefore, it would be more practical to suppose
only that a subset of mobile robots in the team can directly
access the leader’s state. To this end, it is necessary to investi-
gate distributed estimation strategies for each robot in order to
obtain the leaders’ information. Several results can be found.
Yu et al. [12] proposed a distributed formation control strategy
for vehicles of the unicycle type subject to velocity constraints.
After that, there is another research group proposed a distributed
estimator to estimate the leader’s state for each follower [10].
Another paper proposed a fixed time leader following consensus
for multiple mobile robots [13], in which the followers estimate
the leader’s state in a fixed time. Another group designed a
distributed estimator to estimate the leader’s state, which was
later used to design the distributed kinematic controller that
resolves the speed jump issue [9].

In addition to the leader’s state estimation, the formation
tracking control of multiple mobile robots is also a critical
dimension that needs to be considered, especially under sys-
tem and measurement noises. Roughly speaking, the formation
tracking control strategies could be classified into the following
five categories:

1) feedback linearization [14];
2) fuzzy logic and neural network control [15], [16];
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3) Optimal and model predictive control [17], [18];
4) backstepping control [9], [19];
5) sliding mode control [20], [21].

The feedback linearization method is easy to design and
has been well developed. However, when initial tracking errors
occur, this approach suffers from the speed jump problem that
is impractical [22]. Besides, this method also produces large
discontinuities in control commands if there is noise that occur.
Neural networks and fuzzy logic control can deal with the speed
jump issue and provide smooth control input. Nevertheless,
these approaches require online learning or human knowledge,
which are computationally expensive to implement [15], [23].
Model predictive control is one of the popular approaches,
which is able to optimize the online performance index and
handle constraints. Although the predictive control methods can
be used to theoretically achieve the expected performance, its
results may not be guaranteed in practical cases [17]. The main
reason is that the ubiquitous disturbances and noise in real life
will affect the results, but they were neglected in most of the
literature in order to reduce computational efforts. Backstepping
control is relatively easy to design and has been widely used
in multiple mobile robot control [6]; however, this method also
suffers from speed jump issues when initial tracking errors occur.
Yang et al. [24] proposed a bioinspired neural dynamics-based
backstepping method that handles speed jump problems, making
this method more practical in real-world applications. Following
Yang’s work [24], another group developed a formation tracking
control algorithm for multiple mobile robots using bioinspired
backstepping control to prevent speed jumps [9]. The sliding
mode control methods are robust to disturbances, but knowingly
suffer from a chattering issue [21]. In particular, the chattering
and discontinuity phenomena in the control process get even
worse under noises, thus making these methods undesirable in
real-world applications.

In view of the noises, it becomes vital to have an efficient
filter to provide accurate state estimates. Kalman filter (KF)
and its variations have been undoubtedly regarded as the most
effective techniques to estimate the states of the robots [25],
[26]. However, while these filters are proposed to give accurate
state estimates under noises, they still lack the robustness when
the modeling errors and uncertainties are present. Recently, an
adaptive sliding innovation filter (ASIF) [27] was newly devel-
oped in order to increase the accuracy yet maintain robustness
with respect to modeling errors.

While a good amount of research efforts has been made in
order to obtain practical and efficient distributed solutions for
the multiple mobile robots formation tracking, there still are
some aspects not properly addressed. For example, researchers
in [9], although employed a distributed state estimator in their
design, only dealt with formation control at the kinematic level
without consideration of disturbances and noises, which re-
sults in a restrictive design. As for the dynamic level, most of
the conventional control methods, as mentioned above, suffer
from drawbacks, including impractical speed jump, chatter-
ing, and sensitivity to noise [6], [21], [22]. In view of these
technical challenges, this article presents a novel distributed
formation tracking control approach for multiple mobile robots

so that the aforementioned issues are addressed significantly.
The main contributions of this research are summarized as
follows:

1) The distributed formation control problem of differen-
tially driven mobile robots subject to communication lim-
itations, disturbances, and noises is studied, in which only
a subset of followers has the leader’s state information.
A novel distributed leader-following formation control
strategy is developed aided with bioinspired neural dy-
namics.

2) Considering the communication limitations, a distributed
estimator is developed for each robot to estimate the
leader’s posture information, and the leader’s velocities
are then estimated by the sliding mode approach without
requiring the leader’s acceleration information.

3) A novel hybrid bioinspired backstepping and sliding
mode formation control strategy is proposed to deal with
the speed jump issue in the conventional backstepping
design and generate smooth torque control inputs free
from chattering while robustness is maintained. More im-
portantly, the bioinspired sliding mode control approach
can provide smooth control activities even under the
effects of the system and measurement noises. The overall
stability is also proved.

4) The adaptive sliding innovation filter is integrated with the
proposed distributed hybrid formation control method,
aiming to provide accurate state estimates for each mobile
robot even when modeling errors occur.

The rest of this article is organized as follows. Section II pro-
vides preliminaries and formulates problems. Then, Section III
designs the formation control method aided by the bioinspired
neural dynamics. The ASIF is integrated with the proposed ap-
proach to provide accurate state estimates. After that, Section IV
shows multiple simulation comparative results that to show the
advantages of the proposed formation control strategy. Finally,
Section V concludes the article and gives possible future works.

II. PRELIMINARIES AND PROBLEM STATEMENT

A. Algebraic Graph Theory

The graph theory is capable of modeling the communications
among mobile robots. Consider a network that consists of n
followers; the digraph is defined as G = {V,E} with a node
set V = {1, 2, . . ., n} and an edge set E ⊆ V × V . A directed
edge (i, j) ∈ E refers to the access from node i to node j.
Then, the adjacency matrix is defined A = [aij ]n×n. If A is a
symmetric matrix, then the graph is undirected. The elements
in A are defined as follows: aij = 1 if i, j ∈ E and aij = 0
otherwise. Furthermore, aii is assumed to be 0. The Laplacian
matrix L = [lij ]n×n, which is incorporated with A is defined as
follows:

lij =

{−aij i �= j∑n
i=1,i�=j aij i = j.

(1)

In this study, the leader mobile robot is labeled as 0
and the followers are indexed by 1 to n. Define the
communications between the followers and the leader as
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a = [a10 a20 . . . an0]
T . If there is a communication con-

nection between the leader and follower j then aj0 = 1, else
aj0 = 0. Then, we define H ∈ Rn×n as follows:

H = L+ diag(a). (2)

In this article, we the introduce following assumption and lemma
based on previous studies [9], [10].

Assumption 1: The undirected graph, denoted as
G = (V,E,A), illustrates the communications among n
followers. G is connected if there is at least one element in a is
1, i.e., aj0 = 1.

Lemma 1: The matrix H is only positive definite if the
undirected graph G is connected and at least one follower is
the neighbor of the leader.

B. Problem Formulation

Consider a group of differentially driven mobile robots, the
kinematics is described as follows:

ẋi = υi cos θi ẏi = υi sin θi θ̇i = ωi (3)

where xi and yi are coordinates and θi is the orientation of ith
robot with respect to the inertial frame; υi and ωi are, respec-
tively, the linear and angular velocity of ith robot in body fixed
frames. After the kinematics of the mobile robot is provided, the
dynamics of the mobile robot is then given as follows [28]:

M̄(Pi)ξ̇i = B̄(Pi)τi − C̄(Pi, Ṗi)ξi + τd,i (4)

where ξi = [υiωi]
T ; M̄(Pi) is the inertial matrix; B̄(Pi) is the

transformation matrix; C̄(Pi, Ṗi) is the centrifugal and Coriolis
matrix of the ith mobile robot; τd,i = [ d1,i d2,i ]T is the
disturbances.

Assumption 2: The disturbances are assumed to be bounded
such that

max
t≥0

|d1,i(t)| ≤ ψ1,i and max
t≥0

|d2,i(t)| ≤ ψ2,i (5)

where ψ1,i and ψ2,i are positive constants. Then, the leader
generates a reference signal that guides all the robots, the leader
robot kinematics is given by

ẋr = υr cos θr ẏr = υr sin θr θ̇r = ωr. (6)

Assumption 3: Denote the virtual leader’s linear and angular
velocities as υr and ωr, and assume they are bounded. Addi-
tionally, assume that υ̇r and ω̇r are also bounded and there exist
constants ι1 and ι2 such that

max
t≥0

|υ̇r(t)| ≤ ι1, max
t≥0

|ω̇r(t)| ≤ ι2. (7)

The leader follower formation control of mobile robot allows
followers to follow the leader in a relative position, such that
the distance between the leader and the ith follower is described
as [Δxi Δyi], where Δxi and Δyi are the desired distance
from the ith follower to the leader, respectively. In addition, the
orientation of the followers shares a pattern similar to that of the
leader.

In addition, the system and measurement noises have signif-
icant impacts on the control performance, and these noises are
usually treated as Gaussian distributed with zero mean such that

(Pi(αi,k) ∼ N (0, Qi,k)), and (Pi(βi,k) ∼ N (0, Ri,k)), where
αi,k and βi,k are the system and measurement noises at time
step k, respectively. ParametersQi,k andRi,k are the system and
measurement noise covariance, respectively, which are usually
determined by the experiments and trials.

Therefore, the objective of this manuscript is to develop a dis-
tributed formation control strategy that achieves global bounded
stability with smooth control inputs, such that

lim
t→∞ |xi − xr −Δxi| ≤ τxi (8)

lim
t→∞ |yi − yr −Δyi| ≤ τyi (9)

lim
t→∞ |θi − θr| ≤ τθi (10)

where τxi , τyi , and τθi are arbitrary small thresholds.

III. FORMATION CONTROL DESIGN

This section designs a novel leader and follower based for-
mation control with the adaptive sliding innovation filter. The
distributed estimator is first introduced. Then, based on the error
dynamics, the bioinspired kinematic control is proposed using
the backstepping approach to resolve impractical speed jump
issues in the conventional design; after that, a sliding mode
dynamic controller aided by the bioinspired neural dynamics
is developed, which is free from chattering and provides smooth
control input even under noises. The adaptive sliding innovation
filter is then integrated with the proposed control strategy not
only to provide accurate state estimate but also robust to faulty
working conditions when modeling errors occur during state
estimation processes.

A. Distributed Estimator Design

The conventional design of the leader-follower formation
control of multiple mobile robots makes the assumption that all
followers have access to the leader’s information. However, this
conventional design faces difficulty when the communications
among the followers are limited to local, therefore, not all
followers are able to obtain the leader’s state. Thus, this section
develops a distributed estimator for every follower to estimate
the leader’s posture and velocities, which only requires access
to neighborhood posture and velocities information.

First, the posture estimation error for robot i is defined as
follows:

eip = ai0 (Pir − Pr) +
n∑

j=1

aij (Pir − Pjr) (11)

where eip is the neighborhood errors of the ith robot,
Pr = [xr yr θr]

T is the leader’s posture; and Pir =
[xir yir θir]

T is the estimations of the leader posture from
follower i in the inertial frame. Then, the estimation strategy
based on eip is presented as follows:

Ṗir =
1
ξi

⎛
⎝−kieip +

n∑
j=1

aijṖjr + ai0Ṗr

⎞
⎠ (12)
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where ξi =
∑n

j=1 aij + ai0, andki is a 3 × 3 symmetric positive
definite matrix. In Assumption 3, υ̇r is only assumed to be
bounded, then the same approach that is given in (11) and (12)
to estimate υr is not practical. Thus, to estimate the leader’s
velocities, a sliding mode approach has been developed. In (12),
the estimation of Ṗir requires the information from Ṗjr, which
is obtained using the information from the velocity estimators
that will be designed in the following part.

First, the linear velocity estimation error for robot i is defined
as follows:

eiυ = a0 (υir − υr) +

n∑
j=1

aij (υir − υjr) (13)

where υir and υjr are the estimation of leader’s linear velocity
from follower i and j, respectively. Based on the estimation error
defined in (13), the estimation law for υir is then provided as
follows:

υ̇ir = −ka1eiυ − kb1sat (eiυ) (14)

where positive constants ka1 and kb1 are both control parameters
and kb1 ≥ ι1. Using the same processes, define ωir and ωjr are
respectively the estimation of leader’s angular velocity from
follower i and j, the estimation law for the angular velocity
is given as follows:

ω̇ir = −ka2eiω − kb2sat (eiω) . (15)

Theorem 1: If Assumption 1 holds, thenPir ,υir, andωir con-
verge to Pr, υr, and ωr, respectively, exponentially considering
the estimation law (12), (14), and (15).

Proof: In order to prove Theorem 1, consider the following
Lyapunov candidate function 1

2e
T
ipeip. The derivative of the

proposed Lyapunov candidate function is calculated as follows:

eTipėip = eTip

⎛
⎝ n∑

j=1

aij

(
Ṗir − Ṗjr

)
+ ai0

(
Ṗir − Ṗr

)⎞⎠

= eTip

⎛
⎝ξiṖir −

n∑
j=1

aijṖjr−ai0Ṗr

⎞
⎠ = −eTipkieip.

(16)

Since ki is symmetric positive definite, one can con-
clude that eip converges to zero. Additionally, define
ep = [eT1p eT2p . . . eTnp]

T and eq = [eT1q eT2q . . . eTnq]
T ,

where eiq is defined as eiq = Pir − Pr, then it is found that

ep = (H ⊗ I3) eq. (17)

Based on (2), H is a symmetric positive definite matrix if
Assumption 1 and Lemma 1 hold. Thus, as ep exponentially
converges to zero, eq also converges to zero.

Define υ̂i = υir − υr, based on the estimation law defined in
(14), it is found that

˙̂υi = −ka1eiυ − kb1sat (eiυ)− υ̇r. (18)

Then, define eυ = [e1υ e2υ . . . enυ]
T and υ̂ =

[υ̂1 υ̂2 . . . υ̂n]
T . It is obtained that

eυ = Hυ̂. (19)

Then, based on (18) and (19), it is easy to verify that

˙̂υ = −ka1eυ − kb1sat (eυ)− υ̇r1n. (20)

Similarly, define ω̂i = ωir − ωr. Based on (15), the estimation
law for the angular velocity can be rewritten as

˙̂ω = −ka2eω − kb2sat (eω)− ω̇r1n (21)

where eω = [e1ω e2ω . . . enω]
T and ω̂ =

[ω̂1 ω̂2 . . . ω̂n]
T . Once again, it is easy to find that

eω = Hω̂. In order to prove the stability, the Lyapunov
candidate function is proposed as V1 = 1

2 υ̂
THυ̂, and its time

derivative is calculated as follows:

V̇1 = υ̂TH (−ka1eυ − kb1sat (eυ)− υ̇r1n)

= −ka1υ̂
THHυ̂ − kb1(Hυ̂)

T sat (Hυ̂)− υ̂THυ̇r1n.
(22)

If sat(eυ) is saturated, which means the elements in Hυ̂ ≥ 1,
then (22) satisfies

V̇1 ≤ −ka1υ̂
THHυ̂ − (kb1 − ι1) ‖Hυ̂‖1 (23)

where ‖Hυ̂‖1 is the first norm of vectorHυ̂. we use the fact that
kb1 ≥ ι1 and H is a symmetric positive definite matrix to arrive
at the conclusion that the estimation law for the linear velocity
is asymptotically stable.

Lemma 2: Based on Cauchy–Schwarz inequality, the follow-
ing inequality holds.

‖Hυ̂‖1 ≤ √
n ‖Hυ̂‖ . (24)

If the elements in Hυ̂ < 1, by applying Lemma 2, (22) is
calculated as follows:

V̇1 ≤ − (ka1 + kb1) ‖Hυ̂‖2 + ι1
√
n ‖Hυ̂‖

= − (ka1 + kb1 − γ1) ‖Hυ̂‖2 whenever ‖Hυ̂‖ ≥ μ1

(25)

whereγ1 is an arbitrary number within the interval (0, ka1 + kb1)
and μ1 = (ι1

√
n)/γ1. Thus, the linear velocity estimation strat-

egy is input-to-state stable with respect to input ||υ̇r||. In particu-
lar, if t→ ∞ and‖υ̇r‖ → 0, the estimation error υ̂ exponentially
converges to zero.

The Lyapunov candidate function for the angular estimation
law is proposed as V2 = 1

2 ω̂
THω̂, by applying Assumption 1

and Lemma 2, following the same processes from (22) to (25).
It is found that if ||Hυ̂|| ≥ 1, the angular velocity estimation
strategy is asymptotically stable, if ||Hυ̂|| < 1, V̇2 yields

V̇2 ≤ − (ka2 + kb2) ‖Hυ̂‖2 + ι2
√
n ‖Hυ̂‖

= − (ka2 + kb2 − γ2) ‖Hυ̂‖2 whenever ‖Hυ̂‖ ≥ μ2

(26)

whereγ2 is an arbitrary number within the interval (0, ka2 + kb2)
and μ2 = (ι2

√
n)/γ2. Therefore, the estimation law for the

angular velocity is input-to-state stable with respect to ω̇r.

Authorized licensed use limited to: McMaster University. Downloaded on February 27,2025 at 16:58:14 UTC from IEEE Xplore.  Restrictions apply. 



1184 IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 20, NO. 2, FEBRUARY 2024

In addition, if t→ ∞ and ‖ω̇r‖ → 0, the estimation error ω̂
exponentially converges to zero asymptotically. The proof of
Theorem 1 is finished.

B. Bioinspired Backstepping Controller Design

The distributed bioinspired backstepping kinematic controller
is designed in this section to achieve formation control objectives
using the estimated state of the leader. In addition, the leader’s
state information is only available to a subset of followers. The
tracking error of follower i in the inertial frame is defined as
follows:

eix = xir − xi −Δxi

eiy = yir − yi −Δyi

eiθ = θir − θi (27)

where Δxi and Δyi are the distances between the ith follower
and the leader in x and y directions, respectively. It is obvious
that xir, yir, and θir exponentially converge to xr, yr, and θr,
respectively. Then, the tracking error between the body fixed
frame and the inertial frame is calculated as follows:⎡

⎣x̂iŷi
θ̂i

⎤
⎦ =

⎡
⎣ cos θi sin θi 0
− sin θi cos θi 0

0 0 1

⎤
⎦
⎡
⎣eixeiy
eiθ

⎤
⎦ (28)

where x̂i, ŷi, and θ̂i are the tracking errors in the driving, lateral
directions, and orientation, respectively. By taking the derivative
of (28), we have⎡

⎢⎣
˙̂xi
˙̂yi
˙̂
θi

⎤
⎥⎦ =

⎡
⎣ωiŷi − υi + υir cos θ̂i +Ωix

−ωix̂i + υir sin θ̂i +Ωiy

θ̇ir − ωi

⎤
⎦ (29)

where Ωix and Ωiy are defined, respectively, as follows:

Ωix = (ẏir − υir sin θir) sin θi + (ẋir − υir cos θir) cos θi

Ωiy = (ẏir − υir sin θir) cos θi − (ẋir − υir cos θir) sin θi.
(30)

The conventional backstepping control suffers from speed
jump issue, In order to resolve this problem the bioinspired
neural dynamics is integrated with backstepping control to avoid
the velocity jump issue. The bioinspired neural dynamics was
initially proposed in the 1950s [29] for a nervous system in
a membrane model, which was further developed by Gross-
berg [30] to describe an adaptive dynamic behavior of individ-
uals. Researchers have applied this model in different fields,
which include robotics [9], [24].

The shunting model that is originally derived from Gross-
berg’s neural dynamics model is provided as follows:

V̇si = −AiVsi + (Bi − Vsi) f (x̂i)− (Di + Vs1) g (x̂i) (31)

wheref(x̂i) = max(x̂i, 0) and g(x̂i) = max(0,−x̂i);Vs1 is the
output of the shunting model;Ai is the passive decay rate;Bi and
Di are the upper and lower bounds of the output, respectively.
We use this shunting model to replace the error term x̂i. Then,

the bioinspired backstepping control is proposed as follows:

υci = C1Vsi + υir cos θ̂i (32)

ωci = ωir + C2υirŷi + C3υir sin θ̂i (33)

where C1, C2, and C3 are positive design parameters.
Remark 1: The initial speed jump issue in the conventional

backstepping control is caused by the error term C1x̂i. If there
exists an initial tracking error, the velocity demand generated
from the conventional backstepping control will not start from
zero, which implies the initial torque demand tends to be in-
finitely large and impractical. The larger the control parameter
C1, the larger the initial speed jump occurs. In contrast, the
shunting model acts like a low pass filter, which not only yields
the output to start from zero but also bounds the output be-
tween a finite interval (−Di, Bi), making the maximum velocity
command as max(υc,i) = C1Bi + υir. Thus, a well designed
bioinspired backstepping control could avoid speed jump issue
and restrict the maximum velocity.

C. Bioinspired Sliding Mode Control Design

Followed by the design of bioinspired backstepping control.
This section developed a bioinspired sliding mode control that
uses the same neural dynamics. Define the error between the ve-
locity commands and the estimated velocities that are generated
from the filter as [

eη1,i

eη2,i

]
=

[
υci − υi
ωci − ωi

]
(34)

where eη1,i and eη2,i are defined as the linear and angular ve-
locity errors, respectively. It is noted that the estimated velocity
obtained from the filter can be converged to its actual value
in some mean square sense. υi and ωi are the actual linear and
angular velocities, respectively. By setting the origin of the body
fixed frame and gravity center to be at the same position, the
conventional design of the sliding mode dynamic controller is
given as

τL,i=
miri

2
(υ̇ci+Ca,isign(eη1,i))− Iiri

2ci
(ω̇ci+Cb,isign(eη2,i))

(35)

τR,i=
miri

2
(υ̇ci+Ca,isign(eη1,i))+

Iiri
2ci

(ω̇ci+Cb,isign(eη2,i))

(36)

where Ca,i and Cb,i are the positive control parameters. The
above conventional sliding mode approach suffers from the chat-
tering issue, which generates discontinuous torque commands
that are impossible to reach by actuators. Thus, the chattering
term is replaced by the shunting model, defining the shunting
models for linear and angular velocities as follows:

V̇s1,i=−A1,i +(B1,i−Vs1,i) f (eη1,i)−(D1,i+Vs1,i) g (eη1,i)
(37)

V̇s2,i=−A2,i +(B2,i−Vs2,i) f (eη2,i)−(D2,i+Vs2,i) g (eη2,i) .
(38)
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Then, the bioinspired sliding mode torque control is proposed
as

τL,i =
miri

2
(υ̇ci + Ca,iVs1i)− Iiri

2ci
(ω̇ci + Cb,iVs2i) (39)

τR,i =
miri

2
(υ̇ci + Ca,iVs1i) +

Iiri
2ci

(ω̇ci + Cb,iVs2i). (40)

Remark 2: The chattering issue in the conventional sliding
control has been eliminated with the application of the shunting
model. Although there are other controllers such as saturation
functions to avoid chattering issue, the control parameters Ca,i

and Cb,i in the conventional design does not completely resolve
the discontinuities in torque control command when considering
noises. The shunting model in this case acts like a low pass filter,
which yields smooth control commands.

Remark 3: In order to overcome the disturbances, the con-
trol parameters Ca,i and Cb,i tend to be large, which could
potentially provide explosive torque command. However, the
shunting model that is applied to sliding mode control offers
extra robustness to disturbances without the requirements of
large Ca,i and Cb,i. In addition, the shunting models are also
bounded between (−D1i, B1i) and (−D2,i, B2,i) for the control
of linear and angular velocities, respectively.

D. Stability Analysis

This section proves the stability of the proposed formation
control strategy, the Lyapunov candidate function for the bioin-
spired backstepping control is given as follows:

V3 =

n∑
i=1

(
1
2
x̂2
i +

1
2
ŷ2
i +

1
C2

(
1 − cos θ̂i

)
+

C1

2Bi
V 2
si

)
.

(41)
Based on (30), (32), and (33), and setting Bi = Di, the time
derivative of (41) is calculated as

V̇3 =

n∑
i=1

(
˙̂xix̂i + ˙̂yiŷi +

1
C2

˙̂
θi sin θ̂i +

C1

Bi
V̇siVsi

)

=

n∑
i=1

C1 (−x̂i+f (x̂i)−g (x̂i))Vsi+
n∑

i=1

C1

Bi
(−Ai − f (x̂i)

− g (x̂i))V
2
si −

n∑
i=1

C3

C2
υirsin

2θ̂i +

n∑
i=1

(x̂iΩix + ŷiΩiy).

(42)

If x̂i ≥ 0, then f(x̂i) = x̂i and g(x̂i) = 0. Thus

−x̂i + f (x̂i)− g (x̂i) = 0. (43)

If x̂i < 0, then g(x̂i) = −x̂i and f(x̂i) = 0, (43) also equals
zero. In addition, it is easy to verify that −Ai − f(x̂i)−
g(x̂i) ≤ 0.

It should be noted that both Ωix and Ωiy exponentially
converge to zero, thus V̇3 ≤ 0. Furthermore, based on (31),
Vsi → 0 as t→ ∞, then x̂i approaches zero as well. From
term C3

C2
υirsin

2θ̂i in (42), θ̂i → 0 as time→ ∞, then, based on
(33), C2υirŷi, ŷi → 0 as well. Therefore, the proposed control
approach is asymptotically stable. As for the bioinspired sliding

mode controller, the Lyapunov candidate function is proposed
as

V4 =
1
2

n∑
i=1

(
e2
η1,i + e2

η2,i + Ca,iV
2
s1,i + CbiV

2
s2,i

)
. (44)

Then, the derivative of (44) is written as follows:

V̇4=

n∑
i=1

(
ėη1,ieη1,i+ėη2,ieη2,i+Ca,iV̇s1,iVs1,i+CbiV̇s2,iVs2,i

)
.

(45)

By substituting (39) and (40) into (45), it becomes

V̇4 =

n∑
i=1

Ca,i

B1,i
(−B1,ieη1,i +B1,if (eη1,i)−D1,ig (eη1,i))Vs1,i

+

n∑
i=1

Ca,i

B1,i
(−A1,i−f (eη1,i)−g (eη1,i))V

2
s1,i+

n∑
i=1

eη1,id1,i

+

n∑
i=1

Cb,i

B2,i
(−B2,ieη2,i +B2,if (eη2,i)−D2,ig (eη2,i))Vs2,i

+

n∑
i=1

Cb,i

B2i
(−A2,i−f (eη2,i)−g (eη2,i))V

2
s2,i+

n∑
i=1

eη2,id2,i.

(46)

Once again, using the characteristic of the shunting model, by
assuming B1i = D1i and B2i = D2i, it is calculated that

−B1ieη1,i +B1,if (eη1,i)−D1,ig (eη1,i) = 0

−B2ieη2,i +B2,if (eη2,i)−D2,ig (eη2,i) = 0. (47)

Then, (46) is rewritten as

V̇4 =

n∑
i=1

((
−A1,iCa,i

B1,i
− Ca,i |eη1,i|

B1,i

)
V 2
s1,i + eη1,id1,i

)

+
n∑

i=1

((
−A2,iCb,i

B2,i
− Cb,i |eη2,i|

B2,i

)
V 2
s2,i + eη2,id2,i

)

≤−
n∑

i=1

(
Ca,i

B2,i
V 2
s2,i−d1,i

)
|eη1,i|+

(
Cb,i

B3,i
V 2
s3,i−d2,i

)
|eη2,i| .

(48)

Based on the last line of (48), as long as Ca,i

B1,i
V 2
s1,i ≥ |d1,i| and

Cb,i

B2,i
V 2
s2,i ≥ |d2,i|, the proposed sliding mode control is input to

state stable. Based on Assumption 2 and the characteristic of
shunting model, the maximum value of Vs1,i, d1,i Vs2,i, and d2,i

areB1,i and ψ1,B2,i, and ψ2, respectively. Thus, the stability of
the bioinspired sliding mode torque control can be guaranteed
by tuning these parameters. From (48), the estimated velocity
error is bounded. Since it is known that the filter provides a
precise velocity estimate for its actual value, it concludes that
the actual velocity error can be also bounded. This, together
with the stability from the bioinspired backstepping control, also
implies that the formation tracking error is bounded as well.
Thus, the overall stability of the formation system proposed can
be guaranteed.
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E. Adaptive Sliding Innovation Filter

First, by letting the mass center and origin of the body fixed
frame at the same point, giving the time stepΔt and using the Eu-
ler approximation, the mobile robot dynamic model processed
by the ASIF is given by

ζi,k+1 =

[
υi,k+1

ωi,k+1

]
=

[
υi,k
ωi,k

]
+ M̄−1

i B̄iτc,i,kΔt+ αi,k (49)

ζ̂k+1 = Hiζi,k+1 + βi,k (50)

where αi,k and βi,k are, respectively, the system and measure-
ment noises at time step k of ith robot; υi,k+1 and ωi,k+1

are the linear and angular velocities, respectively; ζ̂k+1 is the
state measurements; and H is the measurement matrix. Then,
the design of the ASIF shares a similar structure as the KF,
which uses a predictor–corrector estimation method. The design
procedures of ASIF follow a predicting stage as follows:

ζ̃i,k+1|k = Ai,hζ̃i,k|k +Bi,hτc,i,k (51)

Pi,k+1|k = Ai,hPi,k|kAi,h
T +Qi,k (52)

z̃i,k+1|k = ζ̂i,k+1 −Hiζ̂i,k+1|k (53)

where ζ̃i,k+1|k and ζ̃i,k|k are the prior and posterior state es-
timates at time step k, respectively; Pi,k+1|k is the state er-
ror covariance; z̃i,k+1|k is the innovation; Ai,h is treated as
2 × 2 identity matrix;Bi,h = M̄−1

i B̄iΔt; andQi,k is the system
noise covariance. Then, these predicted variables are processed
through the update stage as

Ki,k+1 = H+
i,k+1diag

(
sat

(∣∣z̃i,k+1|k
∣∣

ρi

))
(54)

ζ̃k+1|k+1 = ζ̃k+1|k +Kk+1z̃i,k+1|k (55)

Pi,k+1|k+1 = (I −Ki,k+1Hi)Pi,k+1|k(I −Ki,k+1Hi)
T

+Ki,k+1Rk+1K
T
i,k+1 (56)

where ρi is the sliding boundary layer;Rk+1 is the measurement
noise covariance;Ki,k+1 is the sliding innovation gain; ζ̂k+1|k+1

is the updated state estimate. Then, a sliding innovation filter
should be introduced. In the conventional sliding innovation
filter design, the sliding boundary ρi is manually tuned. How-
ever, this filter only offers suboptimal solutions under normal
operating conditions, since it does not consider system noise
covariance to update its state estimates. Thus, the ASIF is
developed to have more accurate state estimates. The sliding
boundary, sliding innovation gain, and innovation covariance
Si,k+1, are given by

Kk+1 = H+
i

∣∣z̃i,k+1|k
∣∣ ρ−1

i,k+1
(57)

Si,k+1 = HiPi,k+1|kHT
i +Ri,k+1 (58)

ρi,k+1 = Si,k+1(Si,k+1 −Ri,k+1)
−1diag

∣∣z̃i,k+1|k
∣∣ . (59)

This completes the overall design of ASIF for mobile robots.
Remark 4: The KF is capable of providing optimal results

if the system is well known; however, if there are modeling

Fig. 1. Communication setup and formation of mobile robots.

uncertainties or modeling errors in the estimator, the KF fails to
provide an accurate state estimate. Thus, the ASIF is introduced,
it not only provides accurate state estimates under normal work-
ing conditions but also offers extra robustness when modeling
errors or uncertainties occur.

IV. SIMULATION RESULTS

This section provides various simulation results that demon-
strate the control performance of the proposed control method.
It is considered that there are four followers and a virtual leader,
the communication setups, shown in Fig. 1, are assumed to be
given. The parameters for the estimator are treated as ki = I3×3,
ka1 = ka2 = 20, and kb1 = kb2 = 5. The control parameters in
the backstepping controller are treated as C1,i = 3, C2,i = 2,
and C3,i = 1, the parameters in the conventional sliding mode
dynamic controller are treated asCa,i = 3 andCb,i = 3. The pa-
rameters of the shunting model in the bioinspired backstepping
kinematic controller are treated asAi = 4,Bi = Di = 2, while
the parameters of the shunting model in the bioinspired sliding
mode controller are treated asA1,i = 4,B1,i = 6,A2,i = 4, and
B2,i = 6.

To test the tracking performance of the proposed method, the
desired trajectory for the leader to track, is given by xd = t and
yd = 2 + sin(π2 + t). The desired velocities of the leader are
calculated by

υd =
√
ẋ2
d + ẏ2

d ωd =
ÿdẋd − ẍdẏd
ẋ2
d + ẏ2

d

· (60)

In addition, at the initial stage, the linear velocity follows
υr = υr(1 − e−t/0.5). The relative positions of the mobile robot
are treated as Δx1 = 4, Δy1 = −4, Δx2 = 4, Δy2 = 4, Δx3 =
7, Δy3 = −7, Δx4 = 7, and Δy4 = 7.

As shown in Fig. 2, the proposed formation control strategy
makes the mobile robots maintain their prescribed formation.
Fig. 3 further shows that the estimation error converges to zero.

Furthermore, in Fig. 4, when initial tracking errors occur, the
conventional backstepping method yields a velocity jump; it
is noted that initial tracking errors are calculated as x̂1 = −1,
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Fig. 2. Position of mobile robots tracking a continues path.

Fig. 3. Formation tracking errors of each follower for tracking a contin-
uous path.

Fig. 4. Linear velocity estimates of different methods. Blue: Conven-
tional backstepping & Bioinspired sliding mode & ASIF Red: Bioinspired
backstepping & Bioinspired sliding mode & ASIF.

x̂2 = x̂3 = 2, and x̂4 = 5, which effectively shows that the larger
the initial tracking error, the higher the initial required speed.
In addition, the maximum linear velocity that is required by
conventional backstepping control reaches 15 m/s at its maxi-
mum, which is impractical for an autonomous robot operating
at that rate of speed. On the other hand, the bioinspired inspired
backstepping control has successfully avoided such a linear

Fig. 5. Torque control commands with different control methods. Red:
Conventional Sliding Mode Control, Yellow: Second Order Sliding Mode
Control, Purple: Bioinspired Sliding Mode Control.

TABLE I
VELOCITY RMSE UNDER NORMAL CASE(×10−2)

velocity jump; this implies that an extremely large amount of
torque would be needed to drive the mobile robot to reach such a
velocity immediately in the conventional backstepping design.
Thus, with the help of the proposed bioinspired method, the
speed jump issue has been resolved.

In Fig. 5, compared to the conventional sliding mode control
and second order sliding mode control, the bioinspired sliding
mode control provides smooth control inputs under the effects
of noise. The unique filtering capability of the shunting model is
capable of filtering out high-frequency noise to ease the burden
in the control system. The root mean square errors (RMSEs)
between the state estimates and the actual states are shown in
Table I. We observe that under normal conditions, the filters work
perfectly) and the ASIF provides almost identical state estimates
as the KF does. However, when the condition becomes noisy,
the estimator could fail, resulting in inaccurate state estimates.
It is assumed that the estimator works perfectly for 10 seconds;
after that, there is a fault injected into the system, which makes
the massmi and inertia Ii that are processed by the filter change
to 0.01mi and Ii = 0.1Ii, respectively. Table II shows that, in a
faulty case, the KF fails to provide accurate state estimates, while
the ASIF is still capable of providing relatively more accurate
state estimates.
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TABLE II
VELOCITY RMSE UNDER FAULTY CASE(×10−2)

V. CONCLUSION

In this article, the distributed leader follower formation con-
trol problem has been addressed. Initially, a distributed estima-
tor was developed to estimate the leader’s states in order to
maintain a desired formation without needing to know the
leader’s states for all robots. Then, a distributed bioinspired
backstepping control was presented to address the velocity jump
problem that makes conventional designs impractical. After that,
a bioinspired sliding mode control was proposed to improve
the control robustness with smooth torque input. The ASIF was
integrated with the proposed control strategy to provide accurate
state estimates while maintaining robustness under modeling
errors. Finally, the proposed control has been rigorously proven
to be stable by Lyapunov theory, and multiple simulation re-
sults have demonstrated the effectiveness and efficiency of the
proposed formation control strategy.

In the future, a deeper investigation of robot communications
such as denial of service attacks and noises that affect the
accuracy of the data transmission could be further addressed
to improve control effectiveness under various conditions. In
addition, more research on obstacle avoidance is expected to
improve the overall formation control efficiency.
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[22] K. L. Besseghieur, R. Trȩbiński, W. Kaczmarek, and J. Panasiuk, “From
trajectory tracking control to leader–follower formation control,” Cybern.
Syst., vol. 51, no. 4, pp. 339–356, 2020. [Online]. Available: https://doi.
org/10.1080/01969722.2020.1770502

[23] H. Xiao, C. P. Chen, G. Lai, D. Yu, and Y. Zhang, “Integrated nonholo-
nomic multi-robot consensus tracking formation using neural-network-
optimized distributed model predictive control strategy,” Neurocomputing,
vol. 518, pp. 282–293, 2023. [Online]. Available: https://doi.org/10.1016/
j.neucom.2022.11.007

[24] S. X. Yang, A. Zhu, G. Yuan, and M. Q. Meng, “A bioinspired
neurodynamics-based approach to tracking control of mobile robots,”
IEEE Trans. Ind. Electron., vol. 59, no. 8, pp. 3211–3220, Aug. 2012.

[25] S. H. Kim, L. Negash, and H. L. Choi, “Cubature Kalman filter based
fault detection and isolation for formation control of Multi-UAVs,” IFAC-
PapersOnLine, vol. 49, no. 15, pp. 63–68, 2016. [Online]. Available: http:
//dx.doi.org/10.1016/j.ifacol.2016.07.710

[26] Z. Liu, Y. Li, Y. Wu, and S. He, “Formation control of nonholonomic
unmanned ground vehicles via unscented Kalman filter-based sensor fu-
sion approach,” ISA Trans., vol. 125, pp. 60–71, 2021. [Online]. Available:
https://doi.org/10.1016/j.isatra.2021.07.012

[27] A. Newton, A. Cataford, S. E. Maxwell, S. A. Gadsden, and K. Turpie,
“Air-LUSI: Development of a pointing and tracking control system for
lunar spectral measurements,” Acta Astronautica, vol. 176, pp. 558–566,
2020. [Online]. Available: https://doi.org/10.1016/j.actaastro.2020.07.
004

[28] Z. Xu, S. X. Yang, and S. A. Gadsden, “Enhanced bioinspired backstepping
control for a mobile robot with unscented Kalman filter,” IEEE Access,
vol. 8, pp. 125899–125908, 2020.

[29] A. L. Hodgkin and A. F. Huxley, “A quantitative description of membrane
current and its application to conduction and excitation in nerve,” J.
Physiol., vol. 117, no. 4, pp. 500–544, 1952.

[30] S. Grossberg, “Nonlinear neural networks : Principles, mechanisms, and
architectures,” Neural Netw., vol. 1, no. 1, pp. 17–61, 1988.

Authorized licensed use limited to: McMaster University. Downloaded on February 27,2025 at 16:58:14 UTC from IEEE Xplore.  Restrictions apply. 

https://doi.org/10.1016/j.neucom.2022.04.001
https://doi.org/10.1016/j.amc.2020.125829
https://doi.org/10.1016/j.amc.2020.125829
https://doi.org/10.1016/j.robot.2021.103993
https://doi.org/10.1080/01969722.2020.1770502
https://doi.org/10.1080/01969722.2020.1770502
https://doi.org/10.1016/j.neucom.2022.11.007
https://doi.org/10.1016/j.neucom.2022.11.007
http://dx.doi.org/10.1016/j.ifacol.2016.07.710
http://dx.doi.org/10.1016/j.ifacol.2016.07.710
https://doi.org/10.1016/j.isatra.2021.07.012
https://doi.org/10.1016/j.actaastro.2020.07.004
https://doi.org/10.1016/j.actaastro.2020.07.004


XU et al.: DISTRIBUTED LEADER FOLLOWER FORMATION CONTROL OF MOBILE ROBOTS 1189

Zhe Xu (Member, IEEE) received the B.Eng.
degree in mechanical engineering in 2018 and
the M.A.Sc. degree in engineering systems
and computing in 2019 from the University of
Guelph, ON, Canada, where he is currently
working toward the Ph.D. degree in engineer-
ing systems and computing with the School of
Engineering under Professor Simon X. Yang’s
Supervision.

His research interests include networked
systems, tracking control, estimation theory,

robotics, and intelligent systems.

Tao Yan (Graduate Student Member, IEEE) re-
ceived the B.Sc. degree in electrical engineer-
ing from the North China Institute of Aerospace
Engineering, Langfang, China, and the M.Sc.
degree in control engineering from the Zhejiang
University of Technology, Hangzhou, China, in
2016 and 2020, respectively. He is currently
working toward the Ph.D. degree in systems
and computer engineering with the University of
Guelph, ON, Canada.

His research interests include the intelligent
control, distributed control and optimization, and networked underwater
vessel systems.

Simon X. Yang (Senior Member, IEEE) re-
ceived the B.Sc. degree in engineering physics
from Beijing University, Beijing, China, in 1987,
the first of two M.Sc. degrees in biophysics
from the Chinese Academy of Sciences, Bei-
jing, China, in 1990, the second M.Sc. degree
in electrical engineering from the University of
Houston, Houston, TX, USA, in 1996, and the
Ph.D. degree in electrical and computer engi-
neering from the University of Alberta, Edmon-
ton, AB, Canada, in 1999.

He is currently a Professor and the Head of the Advanced Robotics
and Intelligent Systems Laboratory with the University of Guelph, ON,
Canada. Prof. Yang has been very active in professional activities. His
research interests include robotics, intelligent systems, sensors and
multisensor fusion, wireless sensor networks, control systems, machine
learning, fuzzy systems, and computational neuroscience.

Dr. Yang serves as the Editor-in-Chief of International Journal of
Robotics and Automation, and an Associate Editor for IEEE TRANSAC-
TIONS ON CYBERNETICS and IEEE TRANSACTIONS ON ARTIFICIAL INTELLI-
GENCE.

S. Andrew Gadsden (Senior Member, IEEE)
received the Ph.D. degree in mechanical engi-
neering with McMaster University, ON, Canada.

He is an Associate Professor with the De-
partment of Mechanical Engineering, McMas-
ter University. He was an Associate/Assistant
Professor with the University of Guelph, ON,
Canada, and the University of Maryland, Col-
lege Park, MD, USA. He is also a certified
Project Management Professional. His research
interests include control and estimation theory,

artificial intelligence and machine learning, and cognitive systems.
Dr. Gadsden has been the recipient of numerous international awards

and recognitions. He is an Associate Editor of Expert Systems with
Applications and is a Reviewer for a number of ASME and IEEE journals
and international conferences. In January 2022, he and his fellow air-
LUSI project teammates were awarded NASA’s prestigious 2021 Robert
H. Goddard Award in Science for their work on developing an airborne
lunar spectral irradiance. He is an elected Fellow of ASME.

Authorized licensed use limited to: McMaster University. Downloaded on February 27,2025 at 16:58:14 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


