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One of the essential technologies for autonomous navigation is localization. Localization is important because accurate pose

estimation is required for path planning and motion control. In order to improve localization accuracy, a relative positioning method

on the basis of accurate odometry is necessary. Odometry calibration methods for two wheel differential drive robots have been

researched for many years. However, it is difficult to find odometry calibration methods for car-like mobile robots. In this paper, an

accurate calibration method for car-like mobile robots is proposed. Experimentally measured orientation errors were used to improve

the accuracy of the calibration method. There are two contributions in this paper. The first is the significant reduction of calibration

errors by the use of accurate calibration equation. In the previous research, calibration equation required approximations. However,

there is no approximation error in the proposed equation owing to the use of orientation errors, not positional errors. The second

is the experimental convenience. The orientations can be easily measured by onboard inertial sensors. Therefore, calibration

experiments can be easily carried out in both indoor and outdoor environments. The presented experimental results show that

resultant performance of the proposed scheme is superior to the results of the previous research.
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1. Introduction

Recently, various studies on autonomous navigation have been carried

out.1,2 Localization is important because accurate pose estimation is

required for path planning and motion control.

Odometry using incremental wheel encoder sensors is a fundamental

technique for pose estimation of wheeled mobile robots. Odometry

implies the computation of the relative pose of a robot from the known

initial pose from accumulated encoder data. However, odometry has a

well-known drawback that kinematic modeling errors accumulate as

the robot’s travel distance increases. Calibration is necessary to reduce

the odometry errors that occur with increasing travel distance. Improved

odometry can significantly reduce the operational costs associated with

the installation and maintenance of sensors and landmarks. Improved

odometry also reduces the uncertainty of the estimated pose when

external sensors cannot be used because of weather or environmental

conditions. Use of the Extended Kalman Filter is based on the

assumption that the mean of the added Gaussian noise in state transition

is zero.3 For this reason, the EKF-based localization technique is useful

when the odometry has a zero mean and white Gaussian noise.

Odometry error sources can be classified as either systematic or

nonsystematic errors.3-6 Systematic errors are specific to vehicles and

do not usually change abruptly during navigation. Therefore, systematic

errors can be reduced by calibrating the kinematic parameters. Examples

of systematic error sources include unequal wheel diameters and errors

in the distance between the left and right wheels. Non-systematic errors

are caused by interactions between the robot and road conditions, which

are stochastic. Examples of nonsystematic error sources include uneven

floors, unexpected objects on the floor, and wheel slippages. External

sensors can be added to model the uncertainty of nonsystematic errors

using the absolute position of the robot as determined from external

sensors.7,8

Studies related to odometry calibration have been conducted for

many years. The UMBmark method5 is a useful calibration scheme for

two wheel differential drive robots. The wheel diameter error and the

wheelbase error are calibrated by measuring the final position errors

after the test run. During the test run, the robot is driven along a 4m-

square path in both the clockwise (CW) and counterclockwise (CCW)
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directions. The UMBmark method5 adopts the assumption that the wheel

diameter error and the wheelbase error are independent. In practice, this

assumption is invalid because the wheel diameter error and the

wheelbase errors simultaneously take place. In addition, approximation

by small-angle assumption was adopted in the calibration equations in

order to simplify the calibration equations. Small-angle assumption

implies sinϕ = ϕ and cosϕ = 1.

Lee9 proposed an odometry calibration scheme for a two wheel

differential drive robot that considers the coupled effect of unequal

wheel diameters and wheelbase error. The conventional UMBmark

method5 assumes that the wheel diameter error and wheelbase error are

independent. Considering the coupled effect of two error sources

improves the odometry calibration accuracy.

Jung10,11 proposed an odometry calibration scheme for a two wheel

differential drive robot that involves measuring the final orientation

errors after a test run. Using these orientation error measurements,

approximation errors are eliminated, and the calibration accuracy is

improved. The conventional UMBmark method5 involves approximation

errors associated with the small-angle approximations used.

It is difficult to find odometry calibration schemes for car-like

mobile robots. McKerrow12 proposed a calibration scheme for steering

angle and kinematic parameters of car-like mobile robots. In this

scheme, the odometry error is modeled by introducing three parameters

to characterize the steering angle and the wheel diameters. Each

parameter of McKerrow’s odometry model is defined using left and

right wheel encoder information. For McKerrow’s method,12 additional

range sensor information and range sensor calibration are required.

Lee13,14 proposed an odometry calibration scheme for a car-like

mobile robot that involves measuring the final position errors after a

test run. The test track is similar in shape to a 400-m running track.

Lee14 verified that the localization accuracy of the scheme is improved

by using the EKF to combine the encoder data from the front wheels

and rear wheels.

It has been verified that the odometry calibration accuracy can be

improved by using the final orientation errors instead of the final

position errors.10,11 Lee’s method for a car-like mobile robot13,14 is a

useful method for calibration of car-like mobile robots. However, Lee’s

method13,14 also involves approximation errors associated with small-

angle approximations, because Lee’s method uses the final position

errors and approximation is needed to simplify the calibration

equations. In this paper, an accurate calibration scheme for car-like

mobile robots that uses experimentally measured orientation errors is

proposed. As with the methods for two wheel differential drive robots,

the odometry calibration accuracy for car-like mobile robots can be

improved using orientation errors rather than position errors.

The remaining parts of this paper are organized as follows. In

section 2, the proposed calibration scheme that uses experimentally

measured orientation errors is discussed. In section 3, experimental

results are presented. Finally, the contributions of this paper are

summarized in section 4.

2. Accurate Calibration using Orientation Errors.

In order to calculate the orientation errors caused by each error

source, it is assumed that the robot is affected by either wheel diameter

error or tread error. The kinematic parameters for each error source are

defined as follows.

(1)

bactual is the actual tread, bnominal is the nominal tread, DR is the right

wheel diameter, and DL is the left wheel diameter.

Fig. 1 represents orientation error caused by tread error. When the

robot has only tread error, orientation error appears after a run along a

circular path. The robot moves along a circular path with radius ρ,

because the heading direction of a car-like mobile robot depends on the

steering direction. However, the estimated path by odometry is a

circular path with radius ρod. From the equation for the arc length, l =

E
b

b
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b
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----------------=

E
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------=

Fig. 1 Orientation error caused by tread error when the robot is driven

along a circular path

Fig. 2 Orientation errors caused by unequal wheel diameters when the

robot is driven along (a) a straight-line path and (b) a circular path
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r · θ, orientation error α is caused by the difference in the radii of the

circular paths.

Fig. 2 shows orientation errors caused by unequal wheel diameters.

When the robot has only wheel diameter errors, orientation error

appears after a run along either a straight-line path or a circular path.

Orientation error β on the straight-line path and orientation error γ on

the circular arc path are caused by the difference in the angular velocities

of the left and right wheels. Lee’s work13 shows that orientation error

γ can be represented as a function of orientation error β.

(2)

Fig. 3 shows orientation errors caused by tread error when the robot

is driven along the test track. Orientation error α occurs along the

circular path of the test track, as shown in Fig. 1. After test runs in the

CW and CCW directions, the final orientation errors caused by tread

error are calculated as follows.

Orientation errors caused by tread error when the robot is driven in

the CW direction:

(3)

Orientation errors caused by tread error when the robot is driven in

the CCW direction:

(4)

Fig. 4 shows orientation errors caused by unequal wheel diameters

when the robot is driven along the test track. Orientation errors β and

γ occur as shown in Fig. 2. After the test run in the CW and CCW

directions, the final orientation errors caused by unequal wheel

diameters are calculated as follows.

Orientation errors caused by wheel diameter error when the robot is

driven in the CW direction:

(5)

Orientation errors caused by wheel diameter error when the robot is

driven in the CCW direction:

(6)

From Eqs. (2)~(6), the total orientation errors caused by tread error

and wheel diameter error in the CW and CCW directions are calculated

as follows.

(7)

From Eq. (7), orientation errors α and β can be calculated as
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Fig. 3 Orientation errors caused by tread error during the test run

Fig. 4 Orientation errors caused by unequal wheel diameter during the

test run
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follows.

(8)

The kinematic parameters defined in Eq. (1) can be estimated using

Eq. (8).

(9)

In the work of Lee9 and Jung,10,11 the coupled effects on spot-turning

motion are also calculated. In the method proposed in this paper, this

additional term is not calculated because both orientation error α

caused by tread error and orientation error γ caused by wheel diameter

error are considered.

Compared with Lee’s method13,14 and the proposed method, the

proposed method does not need to adopt approximation by small-angle

assumption. In the proposed method, calibration equations are derived

relatively easily without approximation by using the final orientation

errors. Odometry calibration accuracy also can be improved because

the errors by approximation are eliminated.

3. Experimental Results

In order to verify the calibration performance of the proposed

method, experiments were carried out in a real-world environment. As

Fig. 5 shows, the experimental environment was a relatively smooth and

flat indoor floor.

Fig. 6 shows configuration of experimental robot system.

Experimental robot system consists of a host-PC, a remote controlled

model car and wireless Bluetooth module. The host-PC sends control

signals to the remote controlled model car and records the experimental

data. The remote controlled model car executes the motions according

to the control signals from the host-PC. The remote controlled model

car includes the microprocessor ATmega12815,16 for motion control, the

rotary encoder RE12D17 for localization, and the commercial absolute

positioning sensor Stargazer18 for the measurement of the vehicle pose.

The Stargazer is a commercially available localization sensor that uses

artificial landmarks. The Stargazer system measures the absolute

position of the robot in static state with the repeatability of ±1 mm and

±0.5o. The host-PC and the remote controlled model car communicate

via the wireless Bluetooth module FB100AS.19 The following are

details of the remote controlled model car.

  - Nominal wheelbase, Lnominal: 0.31 m

  - Nominal tread, bnominal: 0.30 m

  - Nominal wheel diameter, DR(L) nominal: 0.1005 m

  - Encoder pulses per wheel revolution, Re: 1200

In preliminary experiments, steering angle calibration was carried

out. To calibrate the steering angles for each control input, the actual

paths of the robot were tracked. The actual pose of the robot was

recorded using a Stargazer commercial absolute positioning sensor.15

Fig. 7 shows the recorded robot path and the circular fit results. For

the given control input to the steering servo motor, the curvature of the

robot path was almost constant. Circular fitting allows the radius of
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Fig. 5 Experimental environment Fig. 6 Configuration of experimental robot system

Fig. 7 Robot path recorded by the positioning sensor and the circular

fit results
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curvature of the robot path to be computed. The steering angle for the

given control input can then be calculated from the radius of curvature

of the robot path.

After the preliminary experiments, odometry calibration was

conducted. During the odometry calibration, the robot was driven along

a pre-programmed test track with open-loop control. In order to

consider the effect of nonsystematic errors, the test run was repeated 30

times in each direction.

Fig. 8 and Table 1 show the final pose after the test run. In Fig. 8

and Table 1, Stargazer pose means the pose recorded by the Stargazer

sensor,18  and Before calibration means the pose estimated from the

encoder data before calibration. The robot was driven relatively

accurately along the pre-programmed test track in spite of the open-

loop control. However, the estimated robot poses were inaccurate

because of systematic errors.

Table 2 presents the resultant kinematic parameter values after the

calibration. The kinematic parameter values were estimated using Lee’s

method and the proposed method. The resultant kinematic parameter

values were estimated by Lee’s method and the proposed method were

different. The resultant kinematic parameter values were Eb = 0.9969

and Ed = 1.0298 by using the Lee’s methods. By using the proposed

method, the resultant kinematic parameter values were Eb = 1.0351 and

Ed = 1.0426.

Fig. 9 and Table 3 present the pose errors after calibration. Before

calibration, the position RMSE(Root Mean Square Error) was 1.69 m.

The orientation RMSE was 91.9o. After the calibration using Lee’s

method, the position RMSE was reduced to 0.39 m, and the orientation

RMSE was reduced to 18.7o. After the calibration using the proposed

method, the position RMSE was reduced to 0.12 m, and the orientation

RMSE was reduced to 4.3o. The Odometry accuracy of the proposed

method was about four times higher than that of the Lee’s method. This

result clearly shows the advantage of using the proposed method. The

t-test results that comparing the mean difference between the Lee’s

Fig. 8 Final position of the robot after the test runs

Table 1 Mean of the final pose after the test runs

x (m) y (m) θ (o)

Stargazer pose
CW 0.03 0.05 3.0

CCW 0.04 -0.04 -2.1

Before calibration
CW -1.06 -0.35 -71.8

CCW -0.43 1.10 -51.3

Table 2 Resultant kinematic parameters

Eb Ed

Lee’s method 0.9969 1.0298

Proposed method 1.0351 1.0426

Fig. 9 Position errors after calibration. The estimated positions were

compared with the measured by Stargazer positions



1118 / SEPTEMBER 2016 INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 17, No. 9

method and the proposed method are presented in Table 4. As shown

in the Table 4, the results between the compared methods have different

mean value with a significance level p<0.05 (95% confidence level).20

Fig. 10 shows the estimated robot paths during the calibration

experiments. It can be seen that not only the final position but also the

estimated robot path approached the test track. From Fig. 10(a), it can

be seen that the calibrated robot path of the proposed method was

almost with the same as the test track. However, the calibrated robot

path of the Lee’s method was different. This means that errors caused

by small-angle approximations can reduce the calibration accuracy. The

experimental results verify that accurate odometry calibration is

possible using the proposed method.

4. Conclusions

In this paper, a calibration method using experimental orientation

errors is proposed. When the final position errors are used to calibrate

odometry errors, small-angle approximations are required in the

conventional method. This means that errors caused by small-angle

approximations can reduce the calibration accuracy. Using experimental

orientation errors instead of position errors, these approximation errors

can be eliminated, and the calibration accuracy can be improved.

Furthermore, the proposed scheme is advantageous because of the

experimental convenience. The experimental measurement of orientation

is much easier than the measurement of position. The orientations can

be easily measured by onboard inertial sensors. However, environmental

modifications are required for measurement of positions in most cases.

For example, environmental modifications includes installation of

artificial landmarks. The proposed calibration experiments can be easily

carried out in both indoor and outdoor environments. The presented

experimental results show that resultant performance of the proposed

scheme is superior to the results of the previous research.
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