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Abstract— A generic kinematic control, which is
directly applicable to any type of wheeled mobile
robot, is proposed in this work. Firstly, it is pre-
sented the kinematic models of the four common
types of wheels (fixed, centered orientable, castor and
Swedish) a classification of wheeled mobile robots.
Afterwards, it is proposed a kinematic control
scheme with three nested loops: dynamic, kinematic
and planning. In particular, it is studied in depth the
kinematic loop through the position control and the
inverse kinematics of wheels. It is also studied indi-
rectly the planning loop through the characterization
of the references that each type of mobile robot can
track with no error. Finally, the kinematic control
proposed is applied to an industrial forklift in simu-
lation and in a real situation.

Keywords— Kinematic control, wheeled mobile
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I. INTRODUCTION

Wheeled mobile robots (WMR) are used in the automa-
tion of industrial processes and in other areas like agri-
culture. They are mainly involved in reference tracking.
So, a proper control is essential for that purpose.

Some researches have developed a WMR control
based on geometric methods. It consists on applying
control signals in such a way that the WMR follows a
curve that connects its actual position with a goal posi-
tion on the reference trajectory. For instance, Ollero et
al. (1994) used circular arcs as connecting curves,
meanwhile Shin (1990) used fifth order polynomials.
This control develops a point-to-point trajectory track-
ing (pure-pursuit) so it is difficult to guarantee stability
for a particular trajectory and to optimize some pursuit
parameters for a good reference tracking.

Other authors have used tools of the classical control
theory for the tracking control. One possibility is to ob-
tain a linear approximation of the WMR model around
an equilibrium point and then design a classical linear
control. Even, it is possible to obtain the discrete model
of the linear approximated system and apply a discrete
control. The main drawback is that the linear approxi-
mation is valid, especially for WMR, for a small range
around the equilibrium point, arising sometimes insta-
bility. As an example, O’Connor et al. (1996) develop a
continuous control for the WMR direction based on a
linear approximation. Similar controls are proposed by
Canudas et al. (1997).

A state feedback linearization has been also used as
a previous stage of a linear classical control. It has the

drawback that the singularities invalidate the lineariza-
tion. However, if the linearization is possible and there
are no singularities, or they are never achieved, this con-
trol is very suitable. Examples of kinematic controls
based on this approach are d’ Andrea-Novel et al. (1995)
and Gracia and Tornero (2002), meanwhile Tzafestas
and Tzafestas (2001) use the state feedback linearization
for a dynamic control. Some other researches (Samson,
1995; Murray and Sastry, 1993) have studied the condi-
tions of WMR controllability to design control lows.

Some approaches use non-linear control lows for
which stability is guaranteed through the existence of a
Lyapunov function that fulfills the Lyapunov theorem
for stability. For example, Lyshevski and Nazarov
(2000) apply a continuous dynamic control for a WMR
with the existence of such a function. Similarly, Dixon
et al. (2000) present other stable control lows.

Other authors have applied an adaptative control.
For example, Inoue et al. (1997) apply an adaptative
discrete kinematic control with the experimental tuning
of some parameters of the algorithm to achieve stability.
Dixon et al. (2001) develop an adaptative control for
reference tracking with an uncalibrated vision system.

More recently, most of the works that nowadays deal
with WMR control use fuzzy, see for example Wong et
al. (2005), neural networks, see for example Antonini et
al. (2006) and d’Amico et al. (2006), or both, see for
example Hui er al. (2006). Nevertheless, these ap-
proaches have two major drawbacks: firstly, the optimi-
zation process of the fuzzy functions/rules/ parameters
and the learning of the neural networks become com-
plex and they take much time; secondly, most of these
approaches are valid just for a specific WMR.

This research proposes a kinematic control scheme
(subsection III.B) with three nested loops (dynamic,
kinematic, and planning) that is similar to the ap-
proaches used for robotic manipulators. It is studied in
depth the kinematic loop (subsections III.C and III.D)
and indirectly the planning loop, through the characteri-
zation of the references that each WMR can track with
no error (section IV). The kinematic control proposed is
applied to an industrial forklift (section V), which is
equivalent to the tricycle WMR, in simulation and in a
real situation. Finally, section VI points out the most
outstanding contributions of this approach and suggests
extensions. In particular, with respect to previous works,
the main advantages of the proposed approach for
WMR control are: it is valid for any type of WMR; it
uses all the maneuverability of the WMR; and it takes
into account the type of references that can be tracked
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with no error. Meanwhile, it has the main limitation that
the low-level control must be much faster that the me-
dium-level control to guarantee the global stability.

II. KINEMATIC MODELING

Assuming horizontal movement, the position of the
WMR body is completely specified by 3 scalar variables
(e.g. x, v, 0), referred by Campion et al. (1996) as WMR
posture, p in vector form. Its first-order time derivative
p is called (Muir and Neuman, 1987) WMR velocity

vector, and separately (v, v,, ®) WMR velocities. Simi-

larly, for each wheel, wheel velocity vector and wheel
velocities are defined.

A. Wheel Equations with No-Slip

The kinematic modeling of a wheel has been tackled in
many researches (Muir and Neuman, 1987; Alexander
and Maddocks, 1989; Kim et al., 2004) as a previous
stage for modeling the whole WMR. Here it will be
considered the approach of Gracia and Tornero (2007)
and their wheel equations.

Four types of wheels will be considered: fixed, cen-
tered orientable (hereinafter orientable), off-centered
orientable or castor and Swedish or Mecanum (Fig. 2
(a)). Under the no-slip assumption each wheel intro-
duces two scalar equations given by the no-slip con-
straint in the contact point between the wheel and the
floor. The matrix equation of the castor wheel is (1)
where it has been used a compact trigonometric notation
(cos(x) =cx, sin(x)=sx ), the parameters of Fig.1, and
the variables and constants of Table 1.

R
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The matrix equation of the orientable wheel can be
obtained from (1) with d, =6, =0 :

— R
Cﬁi Sﬂi lis(ﬁi ai) 0 .P =0, (2)
_sﬂi Cﬂi lic(ﬂi_ai) LI\ @
which is also valid for fixed wheels, where P, is constant.
The matrix equation of the Swedish wheel is:

(C(Bi+Yi) s(B,+v,) Ls(B +v,—a,) 1sy, O) p -0 3)
_S(Bi-‘r"{i) C(Bi'“/i) liC(Bi+Yi_ai) Ley, I, 7 ’

P

where it has been used the parameters of Fig. 2 (b), and
the variables and constants of Table 1. Note that, in the
previous wheel equations, the instantaneously coinci-
dent frame R avoids dependency on the global station-
ary frame G (Muir and Neuman 1987).

The WMR velocity vector in coordinate frame G is
(4) where g = J'  1s the scalar angle between the axis

I_{x and the axis G, in coordinate Z of frame G.

cd —sb 0)_
p=s@ cO 0|%p, 4)
0 0 1

TABLE 1 — Frames, Variables and Constants

Symbol Description
G Global frame attached to the floor with the Z
axis perpendicular to the floor surface
R Frame attached to the robot with the Z axis

perpendicular to the floor surface. The ori-
gin of this frame will track the reference

R Frame attached to the floor, coincident with
the robot frame R, with the Z axis perpen-
dicular to the floor surface

ﬁ[', WMR velocity vector in coordinate frame

R, equivalent to (*v, Rvy o)’

p WMR velocity vector in coordinate frame G,

equivalent to (v, v, ®)"

,b". Angular velocity of the steering link with

' respect to the WMR
(L,, M) Rotation axle of the wheel and the rollers
(@5 @) Rotation velocity of the wheel and the rollers
in coordinate of axles L,; and M,;
(r, r,) Wheel equivalent radius and roller radius

Figure 2. (a) Swedish wheel with rollers at 45°; (b) Parameters
of the Swedish wheel: 1, 0., B,, v,

From the previous wheel equations, it can be ob-
tained the kinematic models of the WMR with the pro-
cedure shown in Gracia and Tornero (2007).

TABLE 2 - Classification of the Five Types of WMR

Type Typel Type2 Type3 Typed  Type5
(m,s) _ (3,0) 2,0 (CA)) (€R)) 1,2
m 3 2 2 1 1

s 0 0 1 1 2
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B. Classification of WMR

Campion et al. (1996) classified the WMR into five
generic types (see Table 2) through WMR mobility de-
gree m (number of WMR velocities that can be assigned
instantaneously and independently) and WMR steeribil-
ity degree s (number of orientable wheels that are
steered independently).

The WMR of type 1 are constructed with no fixed or
orientable wheels, i.e. with either Swedish or castor
wheels, and are called omnidirectional. The WMR of
type 2 have one independent fixed wheel and other pos-
sibly omnidirectional wheels (Swedish or castor). An
example of this type is the differential-drive WMR. The
WMR of type 3 have one independent orientable wheel
and other possibly omnidirectional wheels. An example
is the syncro-drive WMR. The WMR of type 4 have one
independent orientable wheel and another independent
fixed wheel. Examples of this type are the tricycle
WMR, the bicycle WMR, and the car-like WMR. The
WMR of type 5 are characterized by two independent
orientable wheels.

Note that, the mobility degree represents the number
of degrees of freedom that can be instantaneously used,
without reorientation of the orientable wheels. Thus it
is also defined maneuverability degree g as the sum of
the mobility and steeribility degrees, and represents the
total degrees of freedom, with reorientation of the ori-
entables wheels. Therefore the WMR of types 1, 3, and
5 have full maneuverability (g = 3) and the WMR of
types 2 and 4 have restricted maneuverability (g = 2).

ITI. KINEMATIC CONTROL

A. Introduction

The WMR control can be done from a kinematic or a
dynamic perspective. The kinematic perspective consists
on decoupling the control in two nested loops: kine-
matic loop and dynamic loop. The dynamic perspective
considers only one loop with a global dynamic control.
It has several drawbacks: the required analysis and
computation become very complex; it is very sensitive
to the uncertainties in the model parameters; the re-
quired inertial sensors may be expensive and inaccurate.

The kinematic perspective is simpler and its global
stability is guaranteed if the low-level control (dynamic
loop) is much faster than the medium-level control (ki-
nematic loop). This option, more common in the bibli-
ography, will be considered here.

The input to the WMR control is the tracking refer-
ence generated by a high-level planner. If these refer-
ences are dynamical generated (i.e. they are recomputed
online to deal with unexpected situations) it his obtained
an outer loop (planning loop). The reference can be two-
dimensional, e.g. position coordinates (x, y), or three-
dimensional, e.g. position and orientation coordinates
(x, y, 0), and may have associated time values (e.g. 2-D
trajectory) or not (e.g. 2-D path), in which case it is usu-
ally assumed a constant motion velocity.

B. General Scheme
Figure 3 shows the proposed control scheme (see Table
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3). In order to guarantee the stability of the previous
control scheme with three nested loops, the dynamic
loop must bee much faster than the kinematic loop and
this one much faster than the planning loop.

The low-level control (dynamic loop) may include
an inner current control loop (not depicted in Fig. 3) and
would consider the masses, moments of inertia, torques,
and forces to generate the input voltages to the actuators
(motors). For this purpose the actuators can be consid-
ered decoupled (ideal), i.e. the influence between them
is neglected, or coupled (real), i.e. their interaction is
taken into account. The high-level planner may consider
several aspects for reference generation: the possible
references of section IV, collision avoidance, singular
configurations, etc.

The forward kinematics consists on obtaining the
WMR velocity vector p from the sensed wheel veloci-
ties and may use kinematic models, slip models, etc.
The estimation of the WMR posture p may be carried
out simply through the numerical integration of the
WMR velocity vector p or through the extended Kal-
man filter, which is useful when there are other non-
odometric sensors (sensor fusion) like in Scheding et al.
(1999), Lindgren et al. (2002), etc.

The posture reference p.r and the control velocity
vector P, are complete (three elements) for WMR
of full maneuverability (types 1, 3, and 5) and limited to
two elements for WMR of restricted maneuverability
(types 2 and 4). For this second case it will be assumed,
in the next section, that the reference will be given by
both linear variables.

The number of actuators for a consistent actuation is
given by the adequate actuation criterion of Muir and
Neuman (1987), and it coincides with the mobility de-
gree m. In addition all the steering of the orientable
wheels must be actuated. Note that all the non-actuated
wheel velocities are auto-adjusted if the friction avail-
able between the wheel and the floor is enough.

Next subsections go deeper on the blocks of the ki-
nematic loop (medium-level control) in Fig. 3.

C. Position Control

The position control of Fig. 3 establishes the WMR ve-
locity vector p to be achieved by the low-level control
(control velocity vector p,,,,., ) depending on the WMR

posture reference p,r given by the high-level planner. It
will be considered the following control:

pcomrol = pref + Ac (pref - p) (5)

where A, is a diagonal matrix of dimension 3.
The low-level dynamic control gives rise to the con-
vergence of the WMR velocity vector p to the control

velocity vector p,,.. - If the convergence time is ne-

glected, i.e. the low-level control is considered instanta-
neous or is much faster than the kinematic control, the
dynamics of the kinematic control (5) is given by:
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Kinematic Control

(Medium-Level) D, or
|\ - - .
Goal Planner P f‘ . P control Inverse } : rof Dynamic V, T; Wheeled
—3 (High-Level = 1 > Position P Kinematics — > Control > Actuators 9 Mobile
9 Control (Motors)
Control ) ! of Wheels || B, . (Low-Level) Robot
A A Y N (N A
g ﬂz castor .
Ené/ironment p Posture _ P Forward | o B B Odometry
ensors Estimation Kinematics | Sensors

Figure 3. Control scheme of the wheeled mobile robot (with the symbol definitions of Table 3)

TABLE 3 — New Symbols of Figure 3

Symbol Description
Pret Posture reference given by the planner
Peontral WMR velocity vector to be achieved by the
low-level dynamic control
Ot Rotation velocity to be achieved by the low-
level dynamic control
,3 . Steering velocity to be achieved by the low-
e level dynamic control
Bt Orientation of the orientable wheel i to be
achieved by the low-level dynamic control
V. Voltage applied to the actuator i by the dy-
namic control
7, Torque applied by the actuator i
0., Sensed rotation velocity
/';_ , Sensed steering velocity
B Sensed wheel orientation
B castor Orientation of the castor wheel i with some

wheel velocity actuated

d(p—P.)/dt+ A (P—P,) =0 (6)

Equation (5) represents a trajectory controls, due to
the derivative feedforward of the reference (first term of
the second member), and it has no stationary error for
any continuous reference. Moreover, it applies a propor-
tional feedback and therefore the error converges as-
ymptotically. In this sense, the poles (error dynamics)
are assigned for each coordinate with the diagonal ele-
ments a, of A.. If the kinematic control is implemented
discretely the assigned dynamics must be slower than
the sample time T to guarantee stability (Shanon-
Nyquist theorem), e.g. 1/a. > 10-T. Finally, if the dead-
zone of the actuators is not negligible, it can be neces-
sary to add an integral effect in (5) and the error con-
vergence may result oscillating.

D. Inverse Kinematics

The desired WMR velocity vector p is the input to the

inverse kinematics of a wheel, which returns the wheel
velocities q,, and the orientation S, if it is an orientable
wheel. For the control scheme of Fig. 3, the desired
WMR velocity vector is the control velocity vector
Pooo Obtained from the position control.

The values of wheel velocities q,, given by the in-

verse kinematics can be used or not in the low-level
dynamic control. If not, they auto-adjust as previously

mentioned. Meanwhile the orientation S, of an ori-

entable wheel must be always used by the low-level
dynamic control.

Orientable wheel with no fixed wheels
From the first scalar equation of (2), S, results:

B :arctan((—ﬁvx+a)1isai)(ﬁv},+a)l,.ca,.)"). @)

From the second element of (2) and taking into ac-
count the expression (7), the rotation velocity results:
(l/r[)\/(—ﬁvx +ols0) +(*v, +olca)’. 9)
The previous expression using (4) is:

- 1\/(—Vx06’—v},59+a)liscxi)2

The previous expression using (4) is:

-v,cd-v sf+wlsa,
B, =arctan| —

(®)

-v.sf@+v cl+wl ca,

?

(10)
I.

i

2
+(-v,80+v cO+wlca,).

Therefore the inverse kinematics of a orientable
wheel is given by (8) and (10), although it is particular-
ized in the next point for when there is also one inde-
pendent fixed wheel.

Note that to compute S, in (8) the arctan is in all
four quadrants and ¢, in (10) is always negative. Alter-

native it is possible to compute the arctan in fourth and
first quadrants and multiply the second member of (10)
by the sign of the second squared term in the root.

Fixed wheel and particularized orientable wheel

The inverse kinematics of a fixed wheel is given by Eq.
(10). Although, since B, is constant, there is a relation-

ship (constraint) between the three elements of the

WMR velocity vector, given by the first element of (2).
If the origin of frame R is on the rotation axle of the

fixed wheels (P; —o, =0), the relationship is exclu-

sively between the linear velocities of p :
B, —a, =0 v, =%y tanp, or v, =v, tan(6+p,). (11)
Otherwise, if it is not on the mentioned rotation axle
it is possible to obtain w depending on linear velocities:
Rv.eB, + v B, v.c(0+B,)+v,s(6+B,)
-1,s(B, —a,) -1,s(B, —a,)
o= f(0) v, + £,0)v,,

where f;(0) is a generic function depending on 4 .

(12)

10
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Replacing (11) or (12), as appropriate, in (8) and
(10), it is obtained:
f3(9)+ﬂ(9)(a)/vy)J
1)+ f,(O)()v,)

B = arctan[
9 =—(£:(0) v, + £,(6) @ +(f(0) v, + f,(0) @) (14)
11O+ £,(0) (v, /n)}
150+ £,0) (v, /v,)

& =—(/5(O) v, + 11O v,)' +(/,(O) v, + £ (@) v, (16)
Therefore, the inverse kinematics of a orientable
wheel for when there is one independent fixed wheel is
{(13),(14)} if the origin of frame R is on the rotation
axle of fixed wheels or {(15),(16)} if it is not. Similarly
(14) or (16) is the inverse kinematics of fixed wheels.

(13)

B = arctan( (15)

Castor wheel

From the first scalar equation of (1), ﬂl is:

(c(ﬂr+8i) S(ﬂ: +6i) lis(ﬂx+8i70*i)7di08i) Ep

B =
d,cB[ (17)
= (c(6+8+8,) s(6+B+8,) Ls(B+8,—-a,)—dc5,) .
B = 3 P
icsi
Premultiplying (1) by (88, ¢3,), ¢, results:
. _ . -1 _ _ E .
¢i_ (rl 08[) ( Sﬁi Cﬂ[ l[C(ﬂ[ a’i)) p (18)

~(1,-¢3,) " (=s(0+8) (0+p) L,c(f ~a,))p.

Note that, the previous inverse kinematics equations
depend on the orientation of the steering link. Therefore,
if any of the velocities of this wheel is actuated the
steering angle S, must be sensed (see Fig. 3).

Swedish wheel
From the first scalar equation of (3), ¢, is:

(C(B[ +Yf) S(B[ +Yi) 1:‘ S(Bi +7; _U*f))

2

¢ == *p
= (C(9+BI+YI) s(9+Bz+Y1) liS(Bi+yi_ai))I')
‘ LSy,

Premultiplying (3) by (cy, —sv,), @, results:

¢ri = (T, SY;)_I (CB:' SB:‘ 11 S(B[ -0 )) Rp
(pri =(r SYi)_l (C(6+Bi) s(0+PB,) 1, S(Bi -0 ))P
Nevertheless, the previous roller rotation velocity is
not usually sensed nor actuated, since the roller is an
auxiliary element of not much importance. That is why
this wheel velocity has not bee included as an output of
the inverse kinematics block in Fig. 3.

IV. POSSIBLE TRACKING REFERENCES

(20)

A. Introduction

Firstly it must be clarified that the adjective possible is
referred to the fact that the WMR tracks the reference
with no error, assuming that the initial conditions are
adequate and that the elements of the control scheme are
ideal. For example, if it is not respected the continuity
condition of one variable (obtained in the analysis of the

11
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next subsections) an instantaneous tracking error would
arise at the discontinuity points, which would be pro-
gressively corrected by the position control. The same
happens for non-adequate initial conditions.

Under the kinematic framework tackled in this re-
search the low-level dynamic control is obviated or con-
sidered instantaneous, and therefore the wheel velocities
{p,,B.,¢,} that are actuated may change instantane-
ously. Obviously, the posture references generated by
the high-level planner should logically be continuous,
i.e. they should not change instantaneously.

We have the following math definitions:

- A function is C” if it is continuous (see Fig. 4 (a));

- A function is C! if it has a continuous derivative;

- A function is C" (with #>0) if it has a continuous n-th
derivative;

£.(0) Yp o mm s k() =1/ p(t)
N Ce
£ (D)

/vt

(a) (b)
Figure 4.(a)Example functions: f; is not C°; £ is C° but not C'
(b)Variables of the path at a continuous tangent angle point

-7 (x(t)), ¥(1)))

X

Next, it will be considered the path or curve given
by two linear coordinates, x(f) and y(¢), through the
time, i.e. a two-dimensional (2D) trajectory (Fig. 4 (b)).

The angle y between the tangent vector to the
path/curve and the X-axis will be referred to as fangent
angle to the path or simply tangent angle. It is com-
puted from:

() =arctan(dy(t)/dx(t)) =arctan(v, /v, ). 20

Note that a continuous tangent angle y does not im-
ply that the linear positions x(¢) and y(¢) are continuous,
e.g. dashed straight line in the X- or Y-axis direction.
Nevertheless, it will be assumed in the subsequent de-
velopments that the references of the linear positions
generated by the planner are, logically, continuous.

The forward velocity v, and the turning velocity w, of
the 2D trajectory (Fig. 4 (b)) are:

vl(t)=,/v1f+v§ (22)
o ()=d(x(0)/dt=y vy +v) . (23)
It is obvious the following coimplication:

w isC’ < yisC. (24)

The curvature x of the path is the inverse of the ra-
dius of curvature p (Fig. 4 (b)) and is obtained with:

_ . . -3/2
k() =(p®) " =a,/v,=0v, vy ) (V] +v]) " .(25)
From (22), (24), and (25), it is obtained:
If yisC'=>xisC’.

(26)
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The previous statement is not true in the opposite di-
rection, since v, and w, may change instantaneously and
keep their relationship continuous. If the curvature x is
defined at one point or through the entire path, the tan-
gent angle y is continuous at that point or through the
entire path:

If x is defined = y is C°. 27

The center of curvature C. of the path is given in-
stantaneously by the radius of curvature p and the tan-

gent angle to the path y. Thus, if the curvature « is con-
tinuous (o and y are continuous) the set of the points

defined by the center of curvature are continuous.

Note that it is possible to talk about a path with con-
tinuous (C°) tangent-angle/curvature but not about a
path with C' tangent-angle/curvature. In that case we
would have to talk about a 2D trajectory, since it de-
pends on forward velocity.

B. Type 1: Omnidirectional WMR

This WMR has full maneuverability, so the planner will
generate references for the three elements of p. Under
the kinematic framework (the wheel velocities change
instantaneously), and taking into account the inverse
kinematics of {(17),(18),(19),(20)}, this WMR can track
any C” posture reference.

C. Type 2: Differential-Drive WMR

This WMR has restricted maneuverability, so the plan-
ner will generate references only for the linear coordi-
nates {x(?),)(f)} of the posture p.

If the origin of frame R (point that tracks the refer-
ence) is not on the axle of the fixed wheels (B, —a, = 0),
the inverse kinematics of the fixed wheels is given by
(16). In that case the WMR can track any 2D trajectory
with C” position coordinates (kinematic framework) or
with C' position coordinates (dynamic framework).

If the origin of R is on the rotation axle of the fixed
wheels (B; —a, =0), the inverse kinematics of the fixed
wheels is given by (14). Using the constraint (11), given
by the fixed wheels, it is obtained the relationship:

tan(6+B,) =v, /v, >0+, =a, > 0=c, > w=w,,(28)

i.e. the WMR angular velocity @ coincides with the
turning velocity @, of the 2D trajectory.

So the inverse kinematics (14) is rewritten as:

9 =, v, +/,(0) @V +(/,(O) v, + [,,(0) @) (29)

Therefore, under the kinematic framework the WMR
can track any path with C° tangent angle. Although the
WMR can track paths with tangent angle discontinuities
if stops to reorientate itself at the discontinuity points.

D. Type 4: Tricycle and Bicycle WMR

This WMR has restricted maneuverability, so the plan-
ner generates references only for the linear coordinates.
If the origin of frame R is not on the axle of the fixed

12

wheels (B, — o, #0), the inverse kinematics is {(15),(16)}

for the orientable wheel and (16) for the fixed wheels.
Tacking into account (21), these equations result:

5 - arctan(ﬁl(é’ﬂﬁz(@) zj (30)
15(0)+ £4(0) 1
0, =0+ 140) 27+, O+ 1@ 1 (D)

In that case, under the kinematic framework the
WMR can track any path with C° tangent angle. Al-
though the WMR can track paths with tangent angle
discontinuities if stops to reorientate the orientable
wheel. Under the dynamic framework the WMR can
track any 2D trajectories with C' tangent angle.

If the origin of frame R is on the axle of the fixed
wheels (B; — o, = 0), the inverse kinematics is {(13),(14)}

for the orientable wheel and (14) for the fixed wheels.
For this case (28) and (29) are valid and (13) is rewrit-
£O)+ 1.0 (@)v,)

ten as:
B :arctan{ﬂ(g)-i-fé(é’)(a’t/vy)J.

Using the constraint (11), the curvature of (25) is:

(32)

k=02 ) P =0 (f,@0) ). (33)
So (32) and (29) result:
f, =arctan (—'f3 ©)+ /2 (0) Kj (34)
S5O+ 1,1(0) x

&, ==V 5O+ £(0) KV +(S5(0)+ 1(0) x) . (35)
Then, under the kinematic framework the WMR can
track any path with C° curvature. Although the WMR
can track paths with curvature discontinuities and C°
tangent angle if stops to reorientate the orientable
wheel. If there are curvature and tangent angle disconti-
nuities the WMR would have to reorientate itself
through a double reorientation of the orientable wheel.

E. Type 3/5: WMR with One/Two Orientable Wheels

Here, the WMR of types 3 and 5 are tackled simultane-
ously. They have full maneuverability, since they have
no fixed wheels, so the planner will generate references
for the three elements of p.

If there is more that one orientable wheel or there is
one orientable wheel and origin of R is not on the center
of the wheel, i.e. there is some orientable wheel with a
non-zero 1; parameter (3 1, # 0 ), the inverse kinematics
of the orientable wheels with 1, #0 is {(8),(10)}. In
that case, the WMR can track any C'/C* posture refer-
ence under the kinematic/dynamic framework. Al-
though, under the kinematic framework, the WMR can
track posture references with derivative discontinuities
if stops to reorient the orientable wheels.

If there is only one orientable wheel and origin of R
is on its center (A 1, #0), the inverse kinematics of
{(8),(10)} is particularized:

B, =arctan((c 0+ ysO)(sO— yc6)") (36)
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&, =—(v,/t)N(cO+ys0) +(=s0+ 0 . (37)

Therefore, under the kinematic framework the WMR
can track any posture references with C° tangent angle
and C” angular reference (6). Although the WMR can
track paths with tangent angle discontinuities if stops to
reorient the orientable wheel.

F. Summary of Possible Tracking References

Table 4 summarizes the possible tracking references

depending on the WMR with the following aspects:

- Number of elements of p generated by the planner;

- Reference conditions under the kinematic framework;

- Procedure to avoid the tracking error if a particular
condition is not satisfied.

V. APPLICATION OF THE KINEMATIC
CONTROL TO AN INDUSTRIAL FORKLIFT

A. Particularization of the Kinematic Control

Here it will be particularized the WMR control to the
case of the industrial forklift of Fig. 5, which is equiva-
lent to the tricycle WMR of Fig. 6, where the origin of
R (point that tracks the reference) has been located at
the end of the blades (B, —a; #0).

The parameters of each wheel are:

l,=4e*+1;, a =-atan(e/l,) B, =0
l,=4e’+I;, a =x+atan(e/l,) B,=0  (38)
L=1, o, =—7/2.

The constraint (12) given by the fixed wheels is:
o=(;s(0,))" (v,cO+v,50) =—e" (v,cO+v,36). (39)

The inverse kinematics (16) of the fixed wheels is:
@ =—1"(-v,s0+v,cO-1,e"'(v.cO+v s0))

. B y (40)
@, =-1 (-v,80+v,cO+1,e (v.cO+v s0)).
TABLE 4 — POSSIBLE TRACKING REFERENCES
Type 1 Type 2
Pr—a; #0 | B —a; =0
No. refs. 3 2 2
Reference Pretis C° Xpep is C° X is c’-
conditions Yret is C°
Type 4 Types 3 and 5
Br—a =0 B —0a; =031, 20 |A1,%0
No. refs. 2 2 3 3
Reference |y is O | Kis Clonr Preris C' |Oeris C°
conditions koK yis COx
* Stop to reorientate the WMR at
*x Stop to reorientate the orientable wh

***Stop to reorientate the orientable wheel at the curvatu

****Stop to reorientate the orientable wheels at the
derivative discontinuities of the posture reference
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I

Figure 5. Industrial forklift Nichiyu FBT15 series 65

I,=235m
- c=im
r=023m ‘
>

1, =0.45m

=

Figure 6. Variables and parameters of the industrial forklift

The inverse kinematics {(15),(16)} of the orientable
wheel results:

B, =arctan((l, —e)(v, cO+v, sO)(—v,sO+v, cO) e ) (41)

_ 2
@, = —l\/u(vx cO+v,s0) +(-v,s0+v, ch)’ (42)

r e’

If B, is computed in two quadrants (first and fourth
quadrants), Eq. (42) is modified:

@y, =sign(-v,s0+v, cO) ¢,. (43)
The position control (5) results:
vx control = xR ref + ax (xR ref xR ) (44)

V), control = Vet T a, (Vreet = V=)
where {Xg e, VR ref} are the reference of the linear coor-
dinates and {a,, a,} are the poles of the error dynamics
in each coordinate.

The inputs to the inverse kinematics {(40),(41),(42)
/(43)} are the control velocities {Vy control, Vy control } Of (44),
and the outputs are {@, @, > By i »Ps vt § » Which have

to be achieved by the low-level dynamic control of Fig.
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3. For a consistent actuation only the orientation an-
gle B, and one rotation velocity must be actuated.

B. Simulation Results

Next it is presented an example, in a simulation envi-
ronment, of the kinematic control of the previous sub-
section. For this example the control has been applied
continuously and the low-level dynamics has been obvi-
ated. Also, it has been considered a null initial posture p
and the poles a, = a, = 2 seconds™. It can be seen that
the origin of R tracks the reference (Fig. 7 (a)) with the
assigned dynamics (Fig. 7 (b)), although the orientation
B, has two discontinuities.

The first discontinuity of S, (step of ) proves that
the arctan of [, must be computed in all four quadrants

to avoid it. If the orientable wheel has a +/-90° range, as
is the case of the industrial forklift, the WMR has to
stop to reorientate the wheel. The second discontinuity
of B, (step of n/2) is produced due to the discontinuity

of the tangent angle to the path (Table 4) and would
imply a control action of infinite value. In order to track
the reference with no error the WMR has to stop to re-
orientate the wheel.

Note that if it is considered a differential-drive
WMR those discontinuities are not a problem. One in-
teresting fact is that there is a maneuver, i.e. a change in
the direction of the motion, at the beginning of the
tracking (Fig. 7 (a)). This denotes that the designed ki-
nematic control does not distinguish between forward or
backward tracking. So, the WMR should be initially
orientated to the reference to avoid backward tracking,
e.g. with a previous path connecting the initial WMR
posture and the original path.

It is also interesting to note that the track of the mid-
distance point between the fixed wheels (Fig. 7 (a)) has
a continuous tangent angle although the tangent angle of
the reference path has discontinuities.

C. Experimental Results

The kinematic control given by {(40),(41),(43),(44)}
has been implemented on a programmable logic control-
ler (PLC) that governs the industrial forklift. The indus-
trial forklift has two electric motors, one for the traction
of the fixed wheels and the other one for the steering of
the orientable wheel. The low-level dynamic control of
the two motors has been designed neglecting their mu-
tual influence (decoupled).The obtained dynamics of the
decoupled control is: the steering motor has a setting
time of around 1.5 seconds and no overshoot; the trac-
tion motor has a setting time of around 3.5 seconds and
an overshoot of around 15%.

It has been carried out experiences of two classical
paths, the circle and the straight line, both with a for-
ward velocity v; of around 0.5 m/s. For the circle experi-
ence (Fig. 8) it has been considered the pole values a, =
a,=1s". It can be seen that the tracking is more or less
acceptable, although the orientation S, of the ori-

entable wheel is constantly being corrected.
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Figure 8. Circle experience

For the straight line experience (Fig. 9) it has been
considered two values for the poles {a,, a,}. For the first
values (a, = a, = 1 s") the forklift converges to the
straight line and the error dynamics is a bit oscillating,
meanwhile for the second values (a, = a, = 0.5 s™) the
convergence is slower and less oscillating. In order to
justify the oscillating behavior of the control in Fig. 9
(b), it is shown in Fig. 9 (c) the (non-zero) error of the
WMR velocities (i.e. the WMR errors in the forward
and turning motion), which is given by the (non-zero)
difference between {f; ..., .} and {B,,¢,} . Then, it can

be conclude that the stability of the kinematic control is
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conditioned by the error of the WMR velocities, i.e. by
the dynamics of the low-level control.

In this sense, it has been observed empirically that
poles with a bigger value (faster) than the first case pro-
duce instability. In fact, the setting time for the first case
is of around 5 seconds, which is a bit longer than the
setting time of the slower low-level dynamic controller.

In order to analyze the stability of the proposed ki-
nematic control, it has been developed a simulation for
the straight line tracking. In particular, it has been simu-
lated the kinematic control together with a first order
system between g, . and f,, and a second order sys-

tem between ¢, . and ¢,, both with the dynamics indi-

cated at the beginning of this subsection. The simulation
results obtained evidence that the errors do not converge
to zero for {a,, a,} > 2.2 s, Note that, this instability
condition is achieved earlier for the real WMR (instabil-
ity arises approximately for {a,, a,} > 1.2 s™) because of
modeling errors, non-linearities of the real system, non-
null signal-to-noise ratio, coupling of the actuators, etc.

From the previous analysis, it can be established the
following practical criterion: the maximum acceptable
value for the poles of the kinematic control is such that
the setting time of the slower low-level dynamic con-
troller is half the setting time of the kinematic control.
For example, in the case of the industrial forklift it
would be {a,, a,} <5/(3.52)=0.71 s, Obviously, the
proposed criterion has been derived empirically. How-
ever, the stability could be further analyzed from an
analytical point of view, which is not the goal of this
research, through the use of the non-linear tools of con-
trol engineering.

VI. CONCLUSIONS
This research has presented a generic kinematic control
that is valid for any type of WMR. The proposed control
uses all the maneuverability of the WMR and takes into
account the type of references that can be tracked by
each WMR with no error. In fact, the characterization of
the possible tracking references for each type of WMR
(Table 4) is one of the most important contributions of
the research.
Nevertheless the control has two limitations:
The low-level dynamic control must be much faster
that the medium-level kinematic loop to guarantee
the global stability. This limitation has been ob-
served in the experimental results with the industrial
forklift and has been verified through simulation.
The designed kinematic control does not distinguish
between forward or backward tracking. So, the
WMR should be initially orientated to the reference
to avoid backward tracking. This limitation has been
pointed out by the simulation results.
As further work, it is suggested to design a low-level
dynamic control with coupled actuators and/or to de-
velop a global dynamic control without decoupling the
WMR kinematics and dynamics. The previous would

produce a better performance in the reference tracking
of the industrial forklift.

15

38:7-16 (2008)

T M a,= a,=0.5s" (@
6r 6 (—) reference
sl 5 (——)origin of R
(- -) point F
a4t 4
3t 3
2} 2
1t 1
of 0
1 . . L 1
4 3 2 0 14 1
1
(®)
T, 05 .
2 N o
ZL>. 0 S 7 (7) ﬂ}
hx 05 1 (-~ -)X-error

-1 . ! s (- -) Y-error

< s | ©
% .o NW% —) v
zx 0.5 \\/ ] (7 7)v’y error

Time (s)

Figure 9. Straight line experiences

ACKNOWLEDGMENTS:

This work was supported in part by the Spanish Gov-
ernment: Research Projects DPI2000-0362-P4-05,
DPI2004-07417-C04-01 and BIA2005-09377-C03-02.
The authors would like to thank the anonymous review-
ers for their valuable comments.

REFERENCES

Alexander, J.C. and J.H. Maddocks, “On the kinematics
of wheeled mobile robots,” The International
Journal of Robotics Research, 8, 15-27 (1989).

Antonini, P., G. Ippoliti and S. Longhi, “Learning con-
trol of mobile robots using a multiprocessor sys-
tem,” Control Eng. Prac., 14, 1279-1295 (20006).

Campion, G., G. Bastin and B. D’Andrea-Novel,
“Structural properties and classification of kine-
matic and dynamic models of wheeled mobile ro-



L. GRACIA, J. TORNERO

bots,” IEEE Transactions on Robotics and Auto-
mation, 12, 47-61 (1996).

Canudas de Wit, C., B. Siciliano and G. Bastin, Theory
of Robot Control, Springer (1997).

d’Andréa-Novel, B., G. Campion and G. Bastin, “Con-
trol of nonholonomic wheeled mobile robots by
state feedback linearization,” The Int. J. of Robot-
ics Research, 14, 543-559 (1995).

d’Amico, A., G. Ippoliti and S. Longhi, “A multiple
models approach for adaptation and learning in
mobile robots control,” Journal of Intelligence Sys-
tems, 47, 3-31 (2000).

Dixon, W.E., Z.P. Jiang and D.M. Dawson, “Global
exponential setpoint control of wheeled mobile ro-
bots: A Lyapunov approach,” Automatica, 36,
1741-1746 (2000).

Dixon, W.E., D.M. Dawson, E. Zergeroglu and A. Be-
hal, “Adaptative tracking control of a wheeled mo-
bile robot via an uncalibrated camera system,”
IEEE Trans. on Sys., Man and Cybernetics — Part
B: Cybernetics, 31, 341-352 (2001).

Inoue, K., K. Otsuka, M. Sugimoto and N. Murakami,
“Estimation of place of tractor and adaptative con-
trol method of autonomous tractor using INS and
GPS,” Proc. Biorobotics, Valencia, 27-32 (1997).

Kim, W., B.-J. Yi, and D.J. Lim, “Kinematic modeling
of mobile robots by transfer method of augmented
generalized coordinates,” J. of Robotic Systems, 21,
301-322 (2004).

Gracia, L. and J. Tornero, “Kinematic control system
for car-like vehicles,” Lecture Notes in Artificial
Intelligence, 2527, 882-892 (2002).

Gracia, L. and J. Tornero, “Kinematic modeling and
singularity of wheeled mobile robots,” Advanced
Robotics, 21, 793-816 (2007).

Hui, N.B., V. Mahendar and D.K. Pratihar, “Time-
optimal, collision-free navigation of a car-like mo-
bile robot using neuron-fuzzy approaches,” Fuzzy
Sets and Systems, 157, 2171-2204 (2006).

Lindgren, D.R., T. Hague, P.J. Probert Smith and J.A.
Marchant, Relating torque and slip in an odometric
model for autonomous agricultural vehicle,”
Autonomous Robots, 13, 73-86 (2002).

Lyshevski, S.E. and A. Nazarov, “Lateral maneuvering
of ground vehicles,” Proc. American Control Con-
ference, Chicago, Illinois, 110-114 (2000).

Muir, P.F. and C.P. Neuman, “Kinematic modeling of
wheeled mobile robots,” Journal of Robotic Sys-
tems, 4,281-329 (1987).

Murray, R.M. and S. Sastry, “Nonholonomic motion
planning: steering using sinusoids,” /EEE Transac-
tions on Automatic Control, 38, 700-716 (1993).

O’Connor, M., T. Bell, G. Elkaim and B. Parkinson,
“Automatic steering of farm vehicles using GPS,”
Proc. 3rd International Conference on Precision
Agriculture, 767-778 (1996).

16

Ollero, A., A. Garcia-Cerezo and J. Martinez, “Fuzzy
supervisory path tracking of mobile robots,” Con-
trol Engineering Practice, 2, 313-319 (1994).

Samson, C., “Control of chained systems. Application
to path following and time-varying point-
stabilization of mobile robots,” IEEE Transactions
on Robotics and Automation, 40, 64-77 (1995).

Scheding, S., G. Dissanayake, E.M. Nebot and H. Dur-
rant-Whyte,“An experiment in autonomous naviga-
tion of an underground mining vehicle,” IEEE
Trans. on Rob. and Aut., 15, 85-95 (1999).

Shin, D., “High performance tracking of explicit paths
by roadworthy mobile robots,” PhD Dissertation.,
Carnegie Mellon University (1990).

Tzafestas, C.S. and S.G. Tzafestas, “Full-state model-
ing, motion planning and control of mobile ma-
nipulators,” Studies in Informatics and Control, 10,
109-128 (2001).

Wong, C.-C., Y.-H. Lin, S.-A. Lee and C.-H. Tsai “GA-
based fuzzy system design in FPGA for an omni-
directional mobile robot,” Journal of Intelligent
and Robotic Systems, 44, 327-347 (2005).

Received: September 15, 2006.
Accepted: May 17, 2007.
Recommended by Subject Editor Jorge Solsona.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


