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Abstract The improvement of dead reckoning is presented. According to the movement trajectory
and status ol a mobile robot, a new kinematics model for the mobile robot is derived using coordi-
nate transformation based on the turning radius and angle. And the turning radius and angle are
obtained from the yawing angle information and the odometer information of the three wheels u-
sing fuzzy fusion technology. Combining the active beacon with improved dead reckoning, a new
accurate positioning method for indoor mobile robot is proposed. The simulation shows that 1t has
characteristics such as good performance in real time, high accuracy, low cost and good robust-
ness, It is also suitable for rough ground.
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1 Introduction

LLocalization is the foundation of mobile robots, and accurate localization in real time is
a key factor to improve their performance, which is one of the research hotspots in the area
of mobile robots. The methods of localization can be divided into two categories; the rela-
tive and the absolute., The relative methods, which are also called dead reckoning(DR),
can be further divided into odometry and inertial navigation (IN). The absolute methods
include global positioning system (GPS), active beacon ( AB), magnetic compasses
(MC), landmark navigation (LN) and map matching (MM)!}, They have different char-
acteristics, but only DR, AB, LN and MM are suitable for indoor mobile robots. Odome-
try, the representative of DR, is of great interest for its low cost and good performance in
real time. It is common to combine DR with other absclute positioning methods for better
positioning results through information fusion. This combination takes advantage of the
high accuracy of positioning of DR in small range and the absolute methods in large
2~5:11 1 azea studied the kinematics and inverse kinematics models of mobile robots
in 1996%), Chong and Kleeman presented a kind of DR to estimate position and orientation
errors of a mobile robot by means of a statistical error model in 1997, Borenstein and
Feng provided a kind of systematic error verification method in 1996®), These methods
have good performance in real time, but they are not suitable for the rough ground. Bur-
gard proposed a position probability grid approach in 1996, which matches the local map a-
gainst the global map to produce an absolute position and orientation estimate'®. Roy and
Thrun gave a statistical method for calibrating the odometry of a mobile robot with the
help of an environment map in 1999'%, El-Hakim presented a method of building the in-
door 3-D map and a positioning approach using the map'!, It has the advantage of positio-
ning at a high accuracy, but has the disadvantage of high cost in calculation that makes the
online robot move at a very low speed. Another weakness is it is easy to have mistake in
characteristic matching,

range

Positioning accuracy of DR has important influence on the system performance. If the
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absolute positioning method 1s failure, the system positioning accuracy will completely de-
pend on DR. On the other hand, the information fusion of DR and absolute positioning
method will involve (terative algorithm, in which the accuracy of DR will affect the speed
ot the algorithm by changing the iterative times. Therefore, 1t is very important to im-
prove the positioning accuracy of DR, just as | 1] points out that navigation tasks will be
simplified and the performance of mobile robot will be improved it DR’ s accuracy is in-
creased.

An improved DR method for mobile robot with redundant odometry information is
proposed in this paper. Combining the active beacon with the improved DR, a new accu-
rate real-time positioning method for indoor mobile robot is presented.

2 A new kind of kinematics model and DR with redundant information

The mobile robot concerned in this paper 1s of three wheels, as shown in Fig. 1. The
front wheel is a guide wheel, the left rear wheel is a driving wheel, and the right rear
wheel 1s a balance wheel. To reduce the influence of the slippage of the driving wheel on
distance measurement while starting or braking, we refers to [ 7] and fix a measurement
wheel driven by the friction of ground on the outside of the driving wheel. Three encoders
are fixed on the measurement, balance and guide wheels, respectively, to measure the
movement distance, as Encoder 1~3 in Fig. 1. Encoder 4 1s fixed on the guide wheel {for
measuring its yawing angle. Encoder 4 is with absolute code, and the others with relative
code.
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Fig.1 The scheme of movement system for mobile robot with three wheels

In the following context, W, , W, and W5 denote the measurement, balance and guide
wheels, respectively. O, is the geometric center of the robot. Let the distance between W,
and W, be [, the perpendicular distance between W, and the line from W, to W, be h, and
the perpendicular distance between () and the line from W, to W, be d, respectively. As-
sume (O, , W, and the middle point of the line from W, to W, are on the perpendicular from
W, to the line from W, to W,.

XOY is the base coordinates, and X, 0, Y, i1s the robot coordinates, The direction ot Y,
is from O, to W,. S"! indicates the distance that W, moves in the interval between the i-th
and the i+1-th sampling, the direction of Y, presents the positive direction of S¥™',

We describe the position and pose of the robot as T}, using a 3 X3 homogeneous ma-
trix.

m, n, piy
To, = (m, n', p! (1)
0 0 1
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where mii+m)j is the representation of X; in XOY coordinates, n.i +n)j is the represen-
tation of Y, in XOY coordinates, and (p.,p)) is the position of O, in XOY coordinates.
2.1 Kinematics model based on movement trajectory

The movement trajectory ot the mobile robot can be described as line and circular arc.
Its position and direction can be derived ifrom the movement distance when it moves in
line, or from arc radius and central angle when it moves in arc. The arc radius and central
angle come from the 4 encoders through information fusion. We will discuss how to get
them in Section 2. 2 and consider them as known parameters for the time being.
2.1.1 The robot moves in line

When the robot moves in line, it moves in the direction of Y;. We have Si™!'=8;"! =

;7! and o' =0, where ¢’ is the yawing angle of W,. Ty'', which is the position and pose of

point O, at the 1+ 1-th sampling, can be obtained through translation transformation .

m. ny, pr-+S{inl”
I5' = (m), n, pi+Si'n} (2)
e 0 1 |

2.2.2 The robot moves in circular arc

When the robot moves in circular arc, the central point O, of the circular arc can be
taken as a rotation joint. The directions of X, and Y, are defined as these of X;and Y, ,
shown in Fig. 2. We can get Ty, from T through translation transformation, Tg' from
TG, through rotation transformation, and T’Sl” from TB? through translation transtorma-

tion. Ty, and Ty, ' are the position and pose of point O, at the i-th and i+ 1-th sampling,
respectively.

Fig. 2 The diagram of curve trajectory
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— (mis@*" — nied +nl,)d + p,
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(3)
where 7! is the x-coordinate of the intersection of the trajectory of W, with the X, coor-

dinate in the interval of the i-th and the i+ 1-th sampling; 7' is the central angle of circu-
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lar arc in that interval.
2.2 The methods of calculation "' and ¢***

We use o' to denote the yawing angle of W, at the i-th sampling and define its positive
direction as counterclockwise in the bird’s eye view. 7! and §°7! can be obtained from
any two parameters in the group of Si*!, Si™!, Si7! and o'. The values of 7! and ™’
obtained from different parameters are different because of the influence of uneven ground
and measurement noise. It is easy to get 6 groups of r*'* °7! according to the geome-
try relation in Fig. 2.

To reduce the influence of random factors and get accurate values of »**' and
form their estimated values through fusion of 6 groups of *7' and ¢**!. There are 6 differ-
ent values of #*! and 4 different values of »*7! in the 6 groups. So we fuse ! and §**!
separatively. Generally, random errors submit to normal distribution. Therefore, a kind
of exponential function similar to normal distribution function is employed as membership
function as follows:

and

eﬁ+1! We

(r; =)
(. (r;) =k, o e o
3 (8;,—)° (4)
M (@) — kﬂj . E‘ "-‘5

m

Z ¥ Zn:@j

_ — =1 — '"” . .
where r = - =~ , m—4, and n=6. 7 and @ are fuzzy set. o, and ¢, are distribu-
m n

tive parameters, and are assigned by (5). k., and k&, are power factors representing the

concentrative degrees of r; and §,, and are shown in (6) and (7).
( 1

6, = — |max{r; ~ r.} —min{r, ~7r,}
4
3 . (5)
o = 7 ‘max{@; ~ 8} — min{f, ~ G} |
4
b, = Ekm
< N (6)
kkﬂj — Ekﬂjl
I=1]
__ 1, |rj_rfi<t7r L 1, ‘6’}""5;'<J@
Rrit = {kO, others ko = iO, others (1)
The estimated values of 77! and 6" are calculated by (8) using Takagi-Sugeno fuzzy

algorithm.,

i (r;)r; E,uﬁ(@ )G,

’ QHHH = 1= (8)

=1
Z,ur(r) Z,uﬁ(ﬁ)
~ii+1

Then we compare 77" and 9““ them with » and 6, respectively. If |71 —7F|<

gitl —@ | <0.00001rad, then we take #**' and §*'. Otherwise, let 7 =7

,;:ii*l-l

0. Ilmm and

and 8 =0, and recalculate 7! and §*! using (4~8). The times of recalculation is lim-
ited to 5

3 A new positioning method combining DR with AB
Ghidary"'?! presented a kind of indoor AB positioning method in 1999. Its principle is
as follows: The emitter in the mobile robot sends ultrasonic and infrared signals at the
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same time., When the receiving device in the room receives the infrared signal, it triggers
the timer to start timing. When it receives the ultrasonic signal, it stops timing. Then the
transmission time of the ultrasonic signal is obtained. And the distance from the receiver
to the robot can be calculated from the time. The localization ot the robot can be realized
by means of the distances from three receivers to the robot. The emitter consists of 8 in-
frared emitters and 8 ultrasonic emitters. The receiver consists of 3 infrared receivers and
3 ultrasonic receivers. There exists a blind area in the receiving device. So six sets of re-
ceiver device are mounted in a room sized 6 X4m to ensure at least three sets can receive
signals at the same time. It makes a high cost. In addition, the movement of the robot is
controlled by a slave computer, and the posttioning is realized in a master computers. The
master and slave computers communicate to exchange information. It makes a large delay
in position closed loop system. The method fails when the infrared signal is sheltered, as
often seen in the indoor environment where human coexist with robot.

To overcome the disadvantage that the positioning and the movement control don’t
work in the same computer and reduce cost, we propose a new scheme shown in Fig. 3(a).
A radio emitter and 2 ultrasonic receivers are mounted on the robot. A radio receiver and
ultrasonic emitters are fixed on the ceiling. The radio pulse signal is used to trigger ultra-
sonic emitters and start two timers in the robot., When ultrasonic receivers receive the ul-
trasonic signal, they stop the timers respectively. Then the transmission time of the ultra-
sonic signal from emitter to 2 receivers can be obtained. The distances from emitter to 2
receivers can be respectively calculated from the time. Considering that DR has high accu-
racy in short term, we propose a new positioning method combining DR with AB, which
employs the improved DR in Section 2 as main positioning method and AB as online revi-
sion method.

. ~ * ‘ R "~
ultrasonic radio emitter radio receiver
receivers ultrasonic receiver ultrasonic emitter
/ M P
P, Q
/ M .
s R
bd . £ Ol
i
\4 P
01
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(a) The scheme of AB distance measuring (b) The position revision

Fig. 3 The scheme of the positioning method combining DR with AB

To simplity calculation, we {ix one ultrasonic receiver at the geometric center point O,
of the robot and the other at the middle point M of the line from W, to W,. We denote the
projection position ot ultrasonic emitter to ground as P, , the distance calculated at the i-th
sampling from P, to O, as RE.] , from P, to M as Rj;, the position of O, as Pgl and the posi-
tion of M as Pjy. It is easy to work out Ry and R in high accuracy by means of the dis-
tances from the ultrasonic emitter to ), and M. Therefore, we can revise Pf;]l to improve
the positioning accuracy by means of d,Rp » Ry and P,.

The three sides of the triangle formed by points P,, Py and P} are known in Fig. 3
(b). The angle between Ry and Rj can be obtained as follows:

y = arccos| (Rp, * + Ri’ —d®)/(2R6 Ry | (9)
Pi, indicates revised Piy. é’y indicates the direction angle from Pi, to P,. Pi@; denotes

revised P . b denotes the direction angle from P; to P,. Symbol j represents the itera-
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tive times to calculate §;. We have:

Po, = Bu Ly (10)

{Pm = Poz ‘|—RMCOS@’M (11>
pMy — p{}y + RMSIDHM
xr x 1 R
<Po = Po 0, COSﬁ’o (12)
| p0,y = Poy T Ro, sinfy,

where p,, and p,, are the cpordinates of point P,. ¥ 1s an unsigned number, its range is in
[0y x]. (10) shows that 85 has two possible values, but its real value must be one of
them.

Obviously, the revision of Py and P, can be done after getting 4. For getting B

the target function is configured using the distances from Pi, to Pi, and from Py, to ﬁ’f;;l , as
shown in (13). In the condition of keeping the triangle shape in Fig. 3(b), we use the tar-
get function to explore in the circles whose radii are Ry and Ry, the points that are nearest

to Pi; and P;};l , i.e., Pi and Pb
E = 5[l — phe)* + (Bhoy — pie)* + (e — b7 + (bl — pb,)* ] (13)

Difierentiating E with respect to B’M, we have

dE . L o _ - . o
d,@" =— Ru{pmz — pm:)sInfh + Ry (P, — Pisy ) cOsfiy — Ro, (po,= — Po, . ) sinfp +
M

Ro (poly ﬁoly)COSB"o ~ (14)
Take the direction of gradient descend as the search direction ot ﬁ’M B, the incre-
ment of By, 1s as follows:

- dE
ﬁ,?;_l p— . k - & = (15)
RuRo,  dgi,
where k 1s the step tactor, and £=0. 5, X
Bir' = By + B (16)

In addition ,ﬁOM, .. e., the initial value of B}, is defined as the direction angle from P,
to Po.

i,

Bu = atan2(phy, — Poys Pz — Poz) (17)
It is difficult to determine which of the two possible values of g, should be available in the
process of calculating. So we configure two target functions E; and E; using (13) corre-
sponding to the two possible values. We can get fin and Bir which make E; and E, take
minimal values using iterative algorithm. If E;<{FE,, then take Bisas fu. Otherwise, take

,@’m as ,Ei‘ig The coordinates of Py and 1351 can be calculated from (11),(12) using ,é;.,“ and
the modification of the positions of Py and Py can be realized. ¢, the direction angle from

Pi, to PI};,l , can be obtained from the coordinates of P, and Py . Then the modification of
the robot’s direction is realized.

o = atan2(pp , — Py » Do,z — D) (18)
cosg  —sing Py .

To, = |sing  coss _ po, (19)
0 0 1 _

4 Simulation and results

The parameters of the mobile robot with three wheels are assumed as follows: [=
600mm, d=400mm, h=800mm. The reference trajectory of point O, is selected as a circle
centered at (4000mm, 4000mm)and with a radius of 2000mm. The movement step length
of point (J; is chosen as one-thousandth the circle perimeter. The coordinates of W, ~W, and
the yawing angle of W5 can be calculated accurately using the reference trajectory of O, and
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the step. They are taken as the measurement data after adding bounded random data with
zero mean to them:
D, =D,(14+0.1D,) (20)
where D,, 1s measurement data, D, is accurate data, D, 1s bounded random data.
In addition, we have the data formed in (21) as a pothole in the path. D, -+ D, denotes
the measurement data when one wheel go across the pothole.
D, = 5sin(x:/50), i=0,1,-,50 (21)
where D, is the pothole data.

In simulation, when the yawing angle is less than 0. 0Olrad and the average of S{™' and
#+1 is greater than 5mm, or the turning radius is greater than 100,000mm and the aver-
age of S¥™! and S ™! is less than 30mm, we take the movement trajectory of the robot as
line,
4,1 Simulation of the improved DR
Fig. 4 shows the simulation results of the improved DR and general DR. Fig. 4(a) and
Fig. 4 (b) are the simulation results without the pothole in the path. Fig. 4(a) is the result
using the method of improved DR in Section 2. The distance from the ending point of the
simulation result to that of the reference 1s 43mm. Fig. 4(b) is the result using the general

DR. The distance from the ending point of the simulation result to that of the reference is
150mm.
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when there is a pothole in the moving path of W, when there 1s a pothole in the moving path of W,

Fig.4 The simulation results of DR

Values for the position and pose of O, at the ending points of the reference trajectory,
improved DR and general DR are as follows.
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1 0 5959.6 'l 0 5990. 3] 1 0 6077.7
0 1 3600.0/, 0 1 3569.8|, |0 1 3507.2
0 0 1 0 0 | 0 0 1
Fig. 4(c) and Fig. 4(d) are the simulation results with the pothole in the moving path

of wheel W,. The results are omitted because they are similar to those in Fig. 4(c) and
Fig. 4(d) if there is a pothole in the moving path of wheel W, or W;. In simulation, the
data of the pothole are added to the data of the wheel from step 200.

From Fig. 4, we can find that the ability of eliminating the influence of random noise
is better for the improved DR method than for the general method. The positioning accu-
racy of the improved DR is much higher than that of the general DR.

4.2 Simulation of the positioning method combining the improved DR with AB

In the simulation of the positioning method combining the improved DR with AB, we
employ the improved DR as the main positioning method and AB as a revision online meth-
od. The position and pose of the mobile robot are modified once every ten steps. The data
of the pothole are added to the data of wheel W, from step 200 on. Fig. 5(a) is the result
using the method combining the improved DR with AB. The distance from the ending
point of the simulation result to that of the reference is 0. 34mm. Fig. 5(b) is the result u-
sing the method combining general DR with AB. The distance from the ending point of the
simulation result to that of the reference is 65. 33mm.
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Fig.5 The simulation results of the method combining DR with AB
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Values for the position and pose of O, at the ending points of the reterence trajectory,
improved DR with AB, and general DR with AB are as follows:

1 0 5959.6 1 0 05960.4 1 0 5904.5
0 1 3600.0]., 0O 1 3595.5], 0 1 3635.1
0 O 1 0 O 1 0 O 1

The result of target function E; is shown in Fig. 5(¢), E; in Fig. 5(d). Fig. 5(e) is the
iterative times using AB to modify the position and pose of the mobile robot online. We
can find from Fig. 5(e) that the number of iterative times is very little. This means that
the iterative algorithm has high convergence speed and good performance in real time.

5 Conclusion

A new kind of kinematics model based on movement trajectory for mobile robot is de-
duced through the analysis of the status and movement trajectory in this paper. It gives the
information of movement trajectory, 1. e. , the turning radius and angle, through informa-
tion fuzzy fusion using the odometer information of three wheels and the yawing angle ot
the guide wheel. Then it provides the position and pose of the mobile robot by means of
the kinematics model. Combining the improved DR method with AB, a new accurate posi-
tioning method in real time for indoor mobile robot is presented. The simulation confirms
the effectiveness of this method.

The method has the characteristics as {ollows.

1) It is suitable for rough ground.

2) It has good performance in real time., It can meet the need of online positioning
when the mobile robot moves quickly.

3) It has high positioning accuracy. In simulation, the data of each wheel are added
random noise with zero mean and variance of 0. 2 according to (20). The data of the pot-
hole are added to the measure data of wheel W, from step 200 on according to (21). The
mobile robot moves one perimeter on the circle whose radius 1s 2,000mm. The positioning
error is only 0. 94mm,

4) It 1s robust, It has very good ability of resisting disturbance.

5) It only needs present data to realize the modification of the position and pose of the
robot online.

6) Temporary shelter of ultrasonic signals has weak influence on the positioning accu-
racy.

7) Its cost is low. Comparing with the scheme in [ 12 ], the cost is reduced obviously.

References

1 Borenstein J, Everett H R, Feng 1., Wehe ID. Mobile robot positioning: Sensors and techniques, Journal of Robotic
Systems, 1997,14(4); 231~249

2 Thrapp R, Westbrook C, Subramanian D. Robust localization algorithms for an autonomous campus tour guide. In.
Proceedings of the IEEE International Conference on Robotics & Automation, Seoul: IEEE Press, 2001. 2065~
2071

3  Bonnifait Ph, Garcia G, Design and experimental validation of an odometric and goniometric localization system for
outdoor robot vehicles. IEEE Transactions on Robotics and Automation, 1998,14(4) . 541~548

4 Kleeman L. Optimal estimation of position and heading for mobile robots using ultrasonic beacons and dead-reckon-
ing. In: IEEE International Conference on Robotics and Automation, Nice: IEEE Press, 1992, 2582-~2587

5 Chong K S, Kleeman L. Feature-based mapping in real, large scale environments using an ultrasonic array. Interna-
tional Journal Robotics Research, 1999, 18(1). 3~19

6 Lazea Gh, Lupu E, Patko M. Aspects on kinematic modelling and simulation of wheeled robots. International Sym-
posium on Systems Theory, Robotics, Computers and Process Informatics, SINTES 8, Craiova: University of
Craiova Press, 1996, 150~156

7 Chong K S, Kleeman L. Accurate odometry and error modelling for a mobile robot. In:Proceedings of IEEE Inter-
national Conference on Robotics and Automation, New Mexico: IEEE Press, 1997. 2783~2788



No. 5 XU De et al. ;: Accurate Positioning in Real Time for Mobile Robot 725

10

11

12

Borenstein J, Feng L. Measurement and correction of systematic odometry errors in mobile robots. IEEE Transac-
tions on Robotics and Automation, 1996, 12(6) ;869 ~880

Burgard W, Fox D, Hennig D,Schmidt T. Estimating the absolute position of a mobile robot using position probabili-
ty grids. In:Proceedings of the 13th National Conference on Artificial Intelligence(AAAI) , Portland, AAAI Press,
1966,896~901

Roy N, Thrun 8. Online self-calibration for mobile robots. In;IEEE International Conference on Robotics and Auto-
mation, Detroit, [EEE Press,1999,2202~ 2297

El-Hakim S F, Boulanger P, Blais F, Beraldin J-A, Roth G. A mobile system for indoors 3-D mapping and positio-
ning. In: Optical 3-D Measurement Techniques(1V), Zurich; Wichmann Press, 1997, 275~282

Ghidary S S, Tani T, Takamori T, Hattori M. A new home robot positioning system (HRPS) using IR switched

multi ultrasonic sensors. IEEE International Conference on System, Man and Cybernetics, Tokyo: IEEE Press,
1999. 737~741

XU De Associate professor at Institute of Automation, Chinese Academy of Sciences. Received his

bachelor and master degree from Shandong University of Technology in 1985 and 1990, respectively. He re-
ceived his Ph. D. degree from Zhejiang University in 2001, His research interests include robot control,

etc.

TAN Min Received his bachelor degree from Tsinghua University in 1986 and his Ph. D. degree from

Institute of Automation, Chinese Academy of Sciences in 1990, respectively, His research interests include
robot control, system reliability, etc.

% EnHlax A\ BYFE £ S I E L8R 32

(PEMFEE BRI ERRZASHENFLRE Jtx 100080

(E-mail: xude(@compsys. ia. ac, cn)

M E XNEAESNMEH#HT IR .BET —HU#ATR. BB IEAEZHNT SRS
o, FHT —RKBINFANETIENEHEFELY. AABINBEAZ TR THERER
MERENEAGR EdEEENBERERSEENEA A EZHERBINLFAN
MEMGE. EXHRANEEELES EIMTEEMAEG S  RE T —HATEABIIFAD
ENATE TERGERRA . ZHERELHEF HER AR . GEEFSERAFERATAF
o .

xRE BIDEAN.ELM,BF . EPRE
hERES TP24



