
Auton Robot (2007) 23: 147–159
DOI 10.1007/s10514-007-9037-8

Numerical comparison of steering geometries for robotic
vehicles by modeling positioning error

Joaquín Gutiérrez · Dimitrios Apostolopoulos ·
José Luis Gordillo

Received: 8 September 2006 / Revised: 3 April 2007 / Accepted: 4 April 2007 / Published online: 23 May 2007
© Springer Science+Business Media, LLC 2007

Abstract This paper describes an analytical method for
modeling the positioning error of a robotic vehicle and ex-
amines how the metric of this error can be used to com-
pare the geometries of various steering configuration. Po-
sitioning error can be caused by many factors stemming
from the robot’s hardware and software configurations and
the interaction between the robot and its environment. A
slip motion model that captures the effects of key factors that
contribute to positioning error is presented. Robot kinematic
models with and without slippage are reformulated and
used to perform an in-depth assessment and characterization
of positioning error. The method is applied to three char-
acteristic advance and steering configurations: Ackermann,
articulated, and explicitly steered. This analysis serves as
a quantitative evaluation of the properties of the steering
geometries for path tracking under identical slippage con-
ditions. The method can also be used as a tool for compar-
ing robot configurations to make trade-off decisions early in
the design process, as it allows for derivation of predicted
performance values of alternative steering geometries.
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1 Introduction

Wheeled robotic vehicles perform tasks in hazardous or re-
mote environments and can move toward a desired site to
execute specialized tasks (such as exploration and environ-
mental monitoring) in situations where stationary robots are
limited. Several implementations of robotic vehicles have
used light trucks or buses (Thorpe 1997; Redmill and Oz-
guner 1999), and land vehicles from agriculture (Stombaugh
1998; Pilarski et al. 2002), construction (Stentz et al. 1999;
Cannon 1999; Gambao and Balaguer 2002), utility (Trebi-
Ollennu and Dolan 1999; Coombs et al. 2000; Fong et al.
2003) and mining applications (Stentz 2001; Thrun et al.
2003; Gutierrez et al. 2004). The development of original
designs for planetary exploration has also demonstrated the
potential of wheeled robotic vehicles (Rollins et al. 1998;
Fiorini 2000; Tunstel et al. 2002; Muirhead 2004). These di-
verse, demanding applications produce a variety of robotic
configurations that depend on vehicle kinematics; in partic-
ular, the advance and steering geometry, which is the phys-
ical interface between the robotic vehicle and its environ-
ment. Although the derivation and classification of wheeled
vehicle kinematics and their controllability models have
been investigated (Muir and Neuman 1987; Alexander and
Maddocks 1989; Laumond 1993; Samson 1995; Campion
et al. 1996), the current state-of-practice rarely involves ex-
plicit reasons for using them and instead employs prece-
dent robotic and conventional vehicles (Dudzinski 1989;
Colyer and Economou 1998; Altafini 1999b). With the ex-
ception of the Nomad vehicle, which used analytical proce-
dures and mobility metrics for the design and testing of its
locomotion system (Apostolopoulos 2001), there are few de-
scriptions of the analysis process for choosing the advance
and steering geometry during the configuration and imple-
mentation of such robotic systems. Furthermore, this sub-
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ject and its relationship with other robotic components (such
as power, computational demand and sensor placement) are
usually deferred until after physical prototyping. They are
treated as topics of engineering and ad hoc processes, con-
sisting of rough estimates of performance requirements.

This paper examines steering kinematics as a criterion
that should be taken into account during the configuration
and automation process. It compares three widely known
steering geometries: Ackermann Steering (AS), aRticulated
Steering (RS), and Explicit independent Steering (ES), to
select the adequate steering kinematics that improves the ro-
botic vehicle’s function.

A general method is presented to numerically analyze
these steering geometries by considering differences in posi-
tioning error. Although the skid vehicles are used broadly in
robotics applications, these vehicles are beyond this analy-
sis; because steering motions are controlled by using the
difference in the wheel velocities to turn rather than turn-
ing on a steering axle. Section 2 presents the relevant works
related to positioning error. Sections 3 and 4 introduce the
complete derivation of the reformulated kinematic models
and positioning error equations. Section 5 presents the sim-
ulation performance of every steering scheme under certain
conditions, applied experimental data from trials into an un-
derground mining environment. In Sect. 6 the three steering
models are compared using a positioning error ratio metric.
Finally, the conclusions are presented in Sect. 7.

2 Related work

Research work in numerous techniques for estimating posi-
tion has been conducted to enhance vehicle performance,
reporting numerous techniques (Everett 1995; Borenstein
et al. 1997). Some techniques that are based on external sen-
sors, such as GPS, are excluded from specific environments,
such as underground mining or planetary exploration (Bar-
shan and Durrant-Whyte 1995; Dissanayake et al. 2001).
Other schemes require complete knowledge of or additional
structure in the environment. An essential method for es-
timate vehicle position is dead reckoning, which is used
mainly in hostile and unknown environments. This method
is based on the use of simple kinematic models that integrate
incremental motion information from internal sensors (such
as wheel and steer encoders or inertial sensors) to provide
low-level control and estimate vehicle position.

Dead reckoning suffers from positioning error due to ac-
cumulation of sensor errors (Chung et al. 2001; Kelly 2004).
Furthermore, this method is affected by many unpredictable
factors that are extremely difficult to model accurately and
involve a combination of vehicle parameters (e.g. advance
and steering mechanism), environment conditions (e.g. ter-
rain properties), and vehicle-environment interaction. A so-
lution is to select an advance and steering system that is

less prone to positioning error in the expected environment.
Because this system is the physical interface between the
environment and the robotic vehicle, it is necessary to sys-
tematically analyze and identify the kinematic requirements
of the steering geometry that improve position estimation.
In our analysis of steering kinematics, a slip motion model
is chosen to represent the combination and impact of these
factors. Hence the error in vehicle positioning is estimated
for the case of kinematic model with explicit slip against an
ideal model without slip. The steering mechanisms are then
quantitatively compared to select the vehicle kinematics that
minimizes the error in position estimation.

3 Kinematic models

Kinematic models for the four-wheeled vehicles (AS, RS,
and ES) are reformulated from general geometry that in-
clude ideal and slip behavior for the steering schemes. The
definition of these models are based on the derivation of
Altafini (1999a) and the slippage representation of Shiller
and Sundar (1998), to include the perturbed factors in the
vehicle position as two slip variables. The rear and front slip
angles, α and β , are the angles between the linear velocity
of the vehicle and the rear and front axes, respectively.

The geometries of the vehicles are simplified by collaps-
ing both front and rear wheels into a single wheel at the mid-
point of every axle, known as the bicycle model (Latombe
1991). The rear position of the vehicle relative to some fixed
coordinate system is denoted by xr and yr . The angle θ

denotes the vehicle orientation with respect to the x axis.
The length of vehicle is L, considering the distance between
front and rear axles. The linear velocity of the vehicle is V ;
the steering angle is γ .

The analysis considers a steady-state turning radius R at
the instantaneous center of curvature (ICC), where γ is a
constant (i.e. γ̇ = 0) to compute the position error for every
steering vehicle.

3.1 Ackermann steering model

The AS geometry consists of rear wheels that are driven with
fixed orientation and front wheels that are steered (Fig. 1).

• AS model with slip. In this analysis, the constraint of
zero velocity in the direction of the axles (nonholonomic
constraint) is considered as the slip motion, and the rigid
body constraint. Thus, the kinematic model that introduces
the slip factor to estimate the position of the vehicle is for-
mulated to obtain:

⎡
⎣

ẋASS

ẏASS

θ̇ASS

⎤
⎦ =

⎡
⎢⎣

V cos(θ − α)

V sin(θ − α)
V sin(γ+α−β)
L cos(β−γ )

⎤
⎥⎦ . (1)
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Fig. 1 AS kinematic geometry: including slip angles that impact the
ideal radius (RAS ), and produce an slip radius RASS

due to slip motion
leads to an error in position estimation

Fig. 2 RS kinematic geometry: including slip angles that produce the
slip radius RRSS

instead of the ideal radius RRS

• AS model without slip. The kinematic model of the
vehicle is derived from (1), excluding the slipping condition
between the wheels and the ground (i.e. α = 0 and β = 0).
It is given as:

⎡
⎣

ẋAS

ẏAS

θ̇AS

⎤
⎦ =

⎡
⎢⎣

V cos(θ)

V sin(θ)
V sin(γ )
L cos(γ )

⎤
⎥⎦ . (2)

3.2 Articulated steering model

An articulated vehicle is composed of two bodies connected
by a kingpin hitch, a front and a rear body that can rotate
relative to one other (Fig. 2). Each body has a single axle
with two fixed wheels (non-steerable). The steering behavior
is achieved by driving the articulation joint located between
the front and rear axles.

Fig. 3 ES kinematic geometry becomes a bi-steerable (double Acker-
mann steering), assuming a steady-state turning

The lengths of the front and rear bodies are denoted by
l1 and l2, respectively. The length of the entire vehicle is
L = l1 + l2. The angles θ and θ1 denote the orientation of
the vehicle bodies with respect to the x axis. The steering
angle γ is given by γ = θ1 − θ .

• RS model with slip. The kinematic model of the vehicle
formulated with the presence of the slip factor is given by:

⎡
⎣

ẋRSS

ẏRSS

θ̇RSS

⎤
⎦ =

⎡
⎢⎣

V cos(θ − α)

V sin(θ − α)
V sin(γ+α−β)−l1γ̇ cos(β)

l1 cos(β)+l2 cos(β−γ )

⎤
⎥⎦ . (3)

• RS model without slip. The kinematic model of the vehi-
cle derived from (3) under the constraints of rigid body and
rolling without slipping is given by:

⎡
⎣

ẋRS

ẏRS

θ̇RS

⎤
⎦ =

⎡
⎢⎣

V cos(θ)

V sin(θ)
V sin(γ )−l1γ̇
l1+l2 cos(γ )

⎤
⎥⎦ . (4)

3.3 Explicit steering model

The ES vehicle structure is designed so that all four wheels
can be driven and steered individually. However, under the
assumption of steady-state turning, the ES model becomes
a bi-steerable vehicle as depicted in Fig. 3 as a double Ack-
ermann steering. This bi-steerable behavior has a linear re-
lationship between the front steering angle and rear steering
angle. The front steering angle γ is equal to the rear steering
angle γ in the opposite direction.

• ES model with slip. The kinematic model of the vehicle
with the slip constraint is given by:

⎡
⎣

ẋESS

ẏESS

θ̇ESS

⎤
⎦ =

⎡
⎢⎣

V cos(θ − γ − α)

V sin(θ − γ − α)
V sin(2γ+α−β)

L cos(β−γ )

⎤
⎥⎦ . (5)
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• ES model without slip. The kinematic model of the ve-
hicle reformulated from (5), assuming rolling without slip-
ping and rigid body constraint, is:

⎡
⎣

ẋES

ẏES

θ̇ES

⎤
⎦ =

⎡
⎢⎣

V cos(θ − γ )

V sin(θ − γ )
V sin(2γ )
L cos(γ )

⎤
⎥⎦ . (6)

The kinematic models described by (1–6) are similar
to the models in (Muir and Neuman 1987; Alexander and
Maddocks 1989; Dudzinski 1989; Laumond 1993; Sam-
son 1995; Campion et al. 1996; Scheding et al. 1997;
Large et al. 2000), which lead to the derivation and clas-
sification of kinematic, dynamic, and controllability mod-
els.

4 Positioning error

From the kinematic models with slip perturbation, it can be
observed that the vehicle motion depends not only on con-
trol inputs V and γ and vehicle length L, but also on the
slip angles. The vehicle heading is given by the slip angle α

and orientation angle θ . The change rate of orientation θ̇ is
a function of the steering angle γ and both slip angles α

and β . Furthermore, based on the assumption that the vehi-
cle develops a steady-state motion turning (i.e. γ̇ = 0), the
rate of orientation change is given by θ̇ = V/R, depend-
ing on turning radius R. Thus, any change experienced in
the radius due to slip leads to an error in position estima-
tion.

This effect of the slip angles on vehicle motion is ex-
pressed as a normalized Positioning Error Ratio (PER),
which is the ratio of the slip radius against the ideal radius.
In this context, the PER for the AS, RS, and ES geometries
are formulated as follows:

• Ackermann PER
Referring to the geometry of the AS vehicle (Fig. 1)

and (2), the radius without slip depends on the vehicle length
L and γ :

RAS = L cosγ

sinγ
.

Solving for slip radius of AS vehicle from (1):

RASS
= L cos(β − γ )

sin(γ + α − β)
.

Thus, the ratio for Ackermann steering (PERAS ) is denoted
by:

PERAS = 1 − cos(β − γ ) sinγ

cosγ sin(γ + α − β)
.

• Articulated PER
Referring to the RS geometry (Fig. 2) and (3) and (4), the

ratio for Articulated steering (PERRS ) is formulated as:

PERRS = 1 − [l1 cosβ + l2 cos(β − γ )] sinγ

(l1 + l2 cosγ ) sin(γ + α − β)
.

• Explicit PER
Referring to the ES geometry (Fig. 3), the ratio for Ex-

plicit vehicle (PERES ) from (5) and (6) becomes:

PERES = 1 − cos(β − γ ) sin 2γ

cosγ sin(2γ + α − β)
.

As was mentioned earlier, the key issue addressed in
this paper is to compare three steering geometries to min-
imize the error in position estimation. This error is caused
by many factors that are unpredictable and extremely diffi-
cult to model accurately. Slip motion was chosen to repre-
sent the combination and effect of these factors, since the
slip angles are uncertain parameters that depend on vehicle
speed, steering angle and terrain properties. In this analysis,
we assume that the slip angles are a percentage of the steer-
ing angle γ (i.e. kα = α/γ and kβ = β/γ ). The expected
radius is dependent on the steering angle, a physical input
of the system. Thus, considering these percentages and by
introducing the length ratio (r = l1/l2) for RS vehicle, the
PER equations result in:

PERAS = 1 − cos(γ [kβ − 1]) sinγ

cosγ sin(γ [1 + kα − kβ ]) , (7)

PERRS = 1 − [r cos(kβγ ) + cos(γ [kβ − 1])] sinγ

[r + cosγ ] sin(γ [1 + kα − kβ ]) , (8)

PERES = 1 − cos(γ [kβ − 1]) sin 2γ

cosγ sin(γ [2 + kα − kβ ]) . (9)

To compute the ratio of each steering mechanism, we
assume particular values of the slip angles between 0%
and 70% of steering angle. This covers several possible
sceneries and reported data in the literature (Gillespie 1992;
Dixon 1996; Shiller and Sundar 1998). For example, Sched-
ing et al. (1999) reports estimated values for the slip angles
in experimental trails developed in underground mining us-
ing an articulated Load, Haul and Dump truck (LHD). The
values were estimated from real data using a statistical fil-
ter. The percentage for slip angle α is estimated as 66.19%
with respect to steering angle γ , whereas that it is 16.62%
for slip angle β . These estimated values are applied to PER
equations under the disposition shown in Table 1, as the
experimental data to investigate the impact on the steering
schemes.
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Table 1 Percentages of the slip angles: kα and kβ

Case I II III

kα kβ kα kβ kα kβ

(a) 00 00 00 00 00 00

(b) 00 10 10 10 10 00

(c) 00 30 30 30 30 00

(d) 00 50 50 50 50 00

(e) 00 70 70 70 70 00

5 Positioning error simulation

5.1 PER analysis

In this simulation, the steering mechanisms perform various
curve radii at different vehicle lengths. The steering angle
γ required is fixed along the turning radius at constant for-
ward velocity to maintain the vehicle under steady-state con-
ditions. The position error ratios simulated to the radii and
vehicle length inputs are used for comparing the response to
the slippage of the three steering schemes. The normalized
results for AS, RS, and ES vehicles are shown in Figs. 4, 5,
and 6, respectively. Referring to these results, several obser-
vations are made:

• The slip angle β produces a bigger error than the slip an-
gle α under similar estimations in the three steering mech-
anisms. This can be observed in the plotted ratios (I) com-
pared with the ratios produced by case (III), for all per-
centage combinations from (a) to (e).

• A combination of both slip angles produce smaller ratio
than the ratio produced by the biggest slip angle of this
combination. For instance, case (II) is smaller than plot-
ted cases (I) and (III). When the slip angles are equal, this
effect is minor. Both slip angles trend to cancel their ef-
fect on the performed radius of the case (II), that is clear
in the term (γ +α −β) from (1), (3), and (5); besides, the
effect is minor at lower percentages.

• If α > β , case (III), the ratio has the tendency to in-
crease while the radius is increased and the vehicle length
(wheelbase) is reduced, a behavior inversely proportional
to the relation L/R. In the rest of cases where α ≤ β ,
cases (I) and (II), there is a proportional behavior to rela-
tion L/R.

Furthermore, when the radius increases the ratio L/R is
quite small, and the steering angle γ is small and the length
of the vehicle can be negligible. To compute the error ratio,
assume that sinγ = γ and cosγ = 1 when the steering angle
is expressed in radians. The ratio equation of an AS vehicle
can be simplified as:

PERASγ≈0 = 1 − 1

[1 + kα − kβ ] .

The ratio equation of an RS vehicle for a small steering an-
gle γ is given as:

PERRSγ≈0 = 1 − 1

[1 + kα − kβ ] .

The ratio equation of an ES vehicle for a small steering angle
γ is given as:

PERESγ≈0 = 1 − 2

[2 + kα − kβ ] .

Thus, if R � L the positioning error ratio is only a func-
tion of the slip angles α and β .

5.2 PER accumulation

Even small positioning errors have an impact on vehicle po-
sition estimation that accumulates with the time. This can
be seen from kinematic models that provide an estimate of
the position and orientation or heading of the vehicle with
respect to some coordinate system. The deviation from the
ideal performance of the radius has a significant impact on
the computation of the vehicle heading (θ ), propagating er-
rors in vehicle position (x and y).

Figure 7 shows the estimated position of the vehicle, con-
sidering a certain percentage of the slip angles while the ve-
hicles perform a complete turn. In particular, assume that
the vehicles perform a steady turn of radius R (3 m) that
is centered at the origin of the coordinates. The circular
trajectory is traced counterclockwise at a constant velocity
(V = 1 m/s) starting with the rear axle midpoint of each ve-
hicle located at point (0,−3). The length of the vehicle is
2 m.

The vehicle position is estimated using the discrete kine-
matic models. They are derived from the previous kinematic
models that include slip angles that are parameterized by a
random process consisting of a sequence of discrete values
of fixed length (Random walk or Brownian motion), which
depend on steering angles γAS = 33.69, γRS = 36.87, and
γES = 19.47, respectively (Fig. 8). In Fig. 7, both under-
steering and over-steering occurred due to the magnitudes
of the slip angles. All of the vehicles experienced an over-
steering estimation that is related to a bigger rear slip angle
α than front slip angle β until step 150. An under-steering
occurred due to a bigger front slip angle β from step 200 in
the Fig. 8. In this simulation, the ES vehicle is closer to the
circular trajectory end. Fig. 9 shows the accumulated error,
which is calculated as the distance between two points in
the plane: the ideal position and the position that the vehicle
experienced due to slip angles.

The accumulated error in position estimation for the ES
vehicle is smaller than the error of the AS and RS vehicles
by more than 50%. The AS error and RS error are simi-
lar. This shows that the results of the analysis of the vehicle
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Fig. 4 Positioning error ratio
for Ackermann steering: (I)
α = 0, (II) α = β , and (III)
β = 0, using the different
proportion for kα and kβ of
Table 1
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Fig. 5 Positioning error ratio
for Articulated steering: (I)
α = 0, (II) α = β , and (III)
β = 0, using the different
proportion for kα and kβ of
Table 1
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Fig. 6 Positioning error ratio
for Explicit steering: (I) α = 0,
(II) α = β , and (III) β = 0,
using the different proportion
for kα and kβ of Table 1
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Fig. 7 Accumulated PER of Ackermann, Articulated and Explicit ve-
hicles while performing a steady turn (R = 3 m)

Fig. 8 Random estimation of the slip angles: 360 random values for
slip angles α and β with respect to the steering angle γ , respectively

positioning should be taken into account when choosing a
robotic vehicle configuration.

6 Discussion and comparison

Positioning error has been estimated for Ackermann, Artic-
ulated, and Explicitly steered vehicles. This error is calcu-
lated as the ratio between an ideal and a slip turning radius,

Fig. 9 Accumulated error of Ackermann, Articulated and Explicit ve-
hicles while performing a steady turn. The error is calculated as the
distance between the ideal position and the position that the vehicle
experienced due to slip angles

in the context of the same conditions. The results address the
following comparisons:

1. The results show an advantage for the ES vehicles in min-
imizing error in vehicle positioning. The ES ratio was
more than 60% more accurate than the AS and RS ratios
(as seen in Fig. 10). Therefore, it can be expected to have
a better accuracy for vehicle position estimation through
dead-reckoning.

2. The AS and RS vehicles present similar ratios. An AS
vehicle had an error ratio that was 10% better than an
RS vehicle at a small turning radius for case (III). How-
ever, this behavior is the opposite for cases (I and II).
Therefore, it can be expected that AS and RS vehicle
will have comparable accuracy for vehicle position es-
timation. This improvement tends to be negligible at a
large turning radius, where AS and RS vehicles produce
similar ratios.

3. All three steering mechanisms have a tendency to mini-
mize the ratio when the wheelbase is increased, although
this advance is negligible when the turning radius is in-
creased. Therefore, the expected improvement is propor-
tional to the relationship L/R.

Note that the ES vehicle requires a minor steering angle γ

to perform a specific turning radius in comparison with AS
and RS vehicles. However, this behavior is also maintained
when these vehicles perform a specific steering angle γ , as
shown in Fig. 11. Furthermore, the ES vehicle continues to
show an enhanced position estimation and accumulated er-
ror under the same magnitude of slip angle percentage to
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Fig. 10 PER comparison of
Ackermann, Articulated and
Explicit steering: (I)
kα = 16.62% and kβ = 66.19%,
(II) kα = 66.19% and
kβ = 66.19%, and (III)
kα = 66.19% and kβ = 16.62%.
These slip angles percentages
were reported by Scheding et al.
(1999) from experimental trails
developed in underground
mining using an RS vehicle
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Fig. 11 Positioning error ratio for Ackermann, Articulated and Ex-
plicit steering while turning a specific steering angle γ at kα = 66.19%
and kβ = 16.62%

Fig. 12 Accumulated PER of Ackermann, Articulated and Explicit
vehicles while performing a steady turn (R = 3 m), under identical
magnitude of slip angle percentages and independent on steering angle

perform a complete turn. This is shown in Figs. 12 and 13,
where we assume the RS slip angles from Fig. 8 are ap-
plied to the three vehicles. This advantage is correlated to
the relationship L/R and the number of degrees of freedom
required to steer the vehicle, which is captured in the kine-
matic model. The ES vehicle, actuating as a double Acker-
mann steering, is considered with a rear steering angle and a
front steering angle (two degrees of freedom). Both AS and
RS vehicles have only one degree of freedom to steer the
vehicle.

These observations may be interpreted geometrically
through Fig. 14, which shows the effect on radius induced
by slip angles for three vehicles while performing an ideal
radius R turn. The wheelbases L and the steering angles
are identical. The slip effect is represented by perpendicular

Fig. 13 Accumulated error of Ackermann, Articulated and Explicit
vehicles while performing a steady turn. The error is calculated as the
distance between the ideal position and the position that the vehicle
experienced due to slip angles

Fig. 14 Geometric positioning error comparison for AS, RS and ES
vehicles. The slip effect is represented by perpendicular lines to the slip
angles (lαAS

, lαRS
, lαES

, lβAS
, lβRS

and lβES
). The intersection of these

lines for AS (�), RS (◦), and ES(�) represents a new instantaneous
center of curvature and its projection on the ideal radius shows the
difference

lines to the slip angles, which are denoted as lαAS
, lαRS

, lαES
,

lβAS
, lβRS

, and lβES
. The respective intersection represents a

new instantaneous center of curvature (ICC). Its projection
on the ideal radius allows us to observe the change of radius
that the vehicle experiences due to the slip angles.

Based on the results, the effects of the slip angles were
related as a centrifugal behavior, due to the positive val-
ues of the slip angles. Taking the signs of the slip angles
as centrifugal and spinning effects, the PER equations leads
to a fuller observation. It is evident that the term 1/ sin
(γ + α − β) or 1/ sin (2γ + α − β), leads to the effects
of the slip angles for AS, RS, and ES vehicles, respectively.
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Clearly, this term is not defined at sin (γ + α − β) = 0. For
negative values of α and positive values of β , as |β| + |α|
becomes closer and closer to γ for AS and RS vehicles and
2γ for ES vehicle, respectively. The value of the term begins
to grow rapidly and approaches the worst case.

7 Conclusions

The contribution of this paper is the introduction of a po-
sitioning error analysis for wheeled robotic vehicles. It is
an aid to in-depth evaluation and comparison of steering
geometries under equal operation conditions, while increas-
ing the understanding of their fundamental differences. An-
alytical expressions derived from reformulated kinematic
models are used to relate the performance of the robotic ve-
hicle to the factors that affect this error.

The analytical comparison between alternative candi-
dates and critical actions of the robotic vehicle (i.e. position
estimation) addresses the selection of the steering mecha-
nism, and gives the direction to enhance the control and safe-
guarding capabilities. It is important to note that beyond the
impact in the selection process, the numerical results of the
performance for every candidate vehicle allow a quantitative
interpretation of their advantages and drawbacks to perform
the pursued task in the expected conditions of operation.
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