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The Odometry Error of a Mobile Robot With a they measured the effective axle length due to skid steering which dif-
Synchronous Drive System fers from that given by the specifications for the robot.
Finally, Roy and Thrun [19] suggested an algorithm that uses the
Agostino Martinelli robot’s sensors to automatically calibrate the robot as it operates.

In a series of papers, Borenstein ([6] and references therein) also sug-
gested a method to improve the accuracy of the odometry data by re-
. ; > . ducing the effect of the nonsystematic errors. With this method, called
foras}f—?fhr%nous_d”ve system agdladpzss!ble ztrat-egyffor evaluating this Internal Position Error Correction (IPEC), it was possible to detect
error. The odometry error is modeled by introducing four parameters i ! )
characterizing its systematic and nonsystematic components (translational and correct odometry errors without inertial or external-reference sen-
and rotational). The nonsystematic errors are expressed in terms of a sors. In particular, he implemented the IPEC method on the specially
Z%atrﬁiniit??éﬁ'ﬁ’wvéré'?ydtﬁﬁe%sbﬁ’g r?)(t))tgttqﬁ ggen‘i'r‘;‘;f tfgu[;rg\?irci:ge;%rs designed mobile robot platforms Multi Degree of Freedom (MDOF)
_proaches which require_ assumi_ng a particylar path (straight or circular) 2] e_md Oml_‘llmate [6]. Experimental results showed that the accqracy
in order to compute this covariance matrix, here general formulas are achieved with the IPEC method was one to two orders of magnitude
derived. We suggest a possible strategy for simultaneously estimating better than that of systems based on conventional dead reckoning.
the four model parameters. As we will show, our strategy only requires  \\Wang [20] analyzed the nonsystematic errors from a theoretical point
measuring the change in the orientation and position between the initial of view, and computed the odometry error covariance madrikle re-
and final configurations of the robot, related to suitable robot motions. ’ . . . . .
In other words, it is unnecessary to know the actual path followed by the fe_rred to g_dlfferentlal—c_irlve mol_alle robot. In order to evaluate this ma-
robot. We illustrate the proposed strategy by discussing the accuracy of trix, he divided the entire path it¥ small elementary paths. To com-
the parameters estimation and by showing some experimental results pute the covariance matrix, he had to make some assumptions about

obtained with the mobile robot Nomad150. the type of elementary path. In particular, he assumed a circular path.
Index Terms—Localization, odometry, robot navigation. Moreover, since the updated robot position depended nonlinearly on
changes in the translation and orientation (measured by the encoders),

he had to introduce another approximation. He called the nonlinear

. INTRODUCTION term appearing in the updated position the adjustment factor. He ana-

Determining the odometry errors of a mobile robot is very importarfyzed three different cases, depending on the considered approximation
both in order to reduce them, and to know the accuracy of the st&@é this factor. In particular, he considered a Taylor approximation of
configuration estimated by using encoder data. The odometry erfb? adjustment factor truncated at the zero and first orders. Finally, as a
contains both Systematic and nonsys’[ematic components. Both Confbg.d case, he considered this factor as a constant in the calculation of
nents depend on the interaction of the robot with the environment whé€ covariance matrix.
the robot moves. In particular, the nonsystematic component dramatil he same approximations were made by Chenavier and Crowley
cally depends on the environment. [7] and by Feng and Milios [13]. They always considered a particular

In a series of papers, Borenstein and collaborators [1]-[6], [21] iRath and they used a Taylor approximation to compute the covariance
vestigated possible sources of both kinds of errors. A review of the@atrix.
sources is given in [6]. Chong and Kleeman [8] divided the entire patt\irsmall segments.

Regarding the Systematic errors in differential-drive mobile robotg‘hey found, for the first time, a closed-form solution for the covariance
there are two dominant error sources, unequal wheel diameters and@atrix @ as N approaches infinity. In this way, they did not require
certainty about the effective wheel base. In Borenstein and Feng [5fhg Taylor approximation. However, with their method, they were able
calibration technique called, “UMBmark” has been developed to cale compute this matrix only for special cases. Their expressions were
brate systematic errors of a two-wheeled robot. This method has ba@rlicable to circular arc motions with constant radii of curvature, and
used by other authors [8]. included the limit cases of an infinity radius (straight motion) and zero

Goelet al.[11] used another calibration procedure to compensate f@dius (rotation about the center of the wheel axis).
systematic errors. They referred to the differential-drive mobile robot Kelly [12] presented the general solution for linearized systematic
Pioneer AT. They measured (when the robot was sitting on a box and BfE0r propagation for any trajectory and any error model.
wheels rotated freely in the air) the actual velocities of the wheels andMartinelli [14] derived general formulas for the covariance matrix.
the velocity measurements from the encoders. In this way, they fouidthese formulas, applicable to any path, the trajectory of the robot
a relationship between the velocity returned by the encoders and fetion appeared as a function of the curve length. In these formulas,
actual velocity (measured by using a precise tachometer). Moreovbgre were four parameters which depended on the robot and on the en-

vironment where the robot moved. Two parameters characterized the
two nonsystematic components (translational and rotational). The other
two parameters characterized the translational and rotational system-

Manuscript received July 25, 2001; revised February 5, 2002. This pagiiC components. Moreover, in [15] and [16], he suggested a strategy
was recommended for publication by Associate Editor D. Kriegman and Editfor estimating those parameters.
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and
o, = K,p. 4)

The odometry error model here proposed is based on four parame-
ters. Two of them Er, E7) characterize the systematic components,
while the other two [y, K,) characterize the nonsystematic compo-
nents. Clearly, these parameters depend on the environment where the
robot moves. The assumption ttat; is independent ofd; is clearly
Fig. 1. Solid line represents the real motion followed by the robot wker 3 simplified approximation. A disturbance on the robot trajectory can
oo, while the dotted line is the motion trajectory measured by the encoder. generate both a distance error and a dependent-angle error. Moreover,

more sophisticated models should also take into account the error de-
experimentally measurable quantities for a given robot motion, whigiendence on the robot velocity and acceleration. Finally, we want to
we call theobservablesOn the basis of our odometry error modelyemark that a statistical treatment of the nonsystematic component as-
we analytically compute the mean values and the variances of #@nes the environment homogeneous on large scale. Therefore, the ex-
observables, which depend on the previous four parameters andppgssions we are deriving in Sections I11-VI hold. If the robot moves
the considered robot motion. In Section V, we explicitly compute thia regions larger than the scale beyond it, the environment can be con-
observables for a simple robot motion. Evaluating the observables #ered homogeneous.
this robot motion is a possible strategy for simultaneously estimating
both systematic and nonsystematic parameters. This strategy only lIl. COVARIANCE MATRIX ()
requires measuring the change in the orientation and position between ] ) ]
the initial and final configurations of the robot, related to the consid- 1N€ nonsystematic errors are expressed in terms of the covariance
ered robot motion. In other words, it does not require knowing tHBatrix . The robot configuratioX” is a random vector whose mean
actual path followed by the robot. The proposed strategy is illustraté@lue(X) is given by the odometry measurements (once both the sys-
in Section VI, where the accuracy of the parameters estimation!fnatic errors are known). The covariance mafyiis defined as

discussed, and some experimental results obtained with the mobile

2

robot Nomad150 are presented. o . O Ur2y Tap
Q=E{X -NX =X} = |02y 0y 0op|. (5

2

Il. ODOMETRY ERRORMODEL Tzo Oyo 0

We consider a mobile robot with a synchronous drive system. AS-This matrix, of course, depends on the trajectory followed by the

suming a two-dimensional world, we can define the robot configurgsp ot and also on the type of floor surface. It can be represented as
tion with respect to a world-coordinate frarié by the vectorX' = 4 gnction of the previous parameteiy, E:, Ky, andK,), which
[.y.6]", containing its position and orientation. The robot configuras,p, pe determined experimentally as suggested in Sections IV-VI. The
tion estimated by odometry measurements is different from the actudl tical expression of the matrix entries, in terms of the model pa-
configurationX because of the odometry errors. ) rameters and the trajectory, can be obtained through direct computa-
In order to compute the global odometry error related to a given rOb(%n on the basis of the hypothesis stated in Section Il. This computa-

motion, we divided the trajectory iV small segments (see Fig. 1). Weyio, i troublesome, with the exception of the testh directly given
first modeled the elementary error related to a single segment. T 3). Foro?, o2, ando., we use the relations? = (¢?) — (x)?
. T xry T T\ « 1

we computed (Sections I11-V1) the cumulative error on the global path> _ (y?) — (u)Z, ando., = (xy) — (x){y). Therefore, in order to
Finally, we took the limit value whetV' — oc. v o i ’ ' '

; X ; _ compute the other matrix entries, we need to comguje(y), (z*),
We introduced the following assumptions about the actual mot|0n<.yz> (y), 7.4, ando
& 1 1 xty yo -

1) The robot moves straight along each given segment whosan Appendix I, we only give the computation of the mean vauk,
length, measured by the encoder sensor, is always 7/N . obtaining

2) The angle?&i between the orientations related to (et 1)th
and theith segment and the translatiép; covered during the 7 - )
same step are Gaussian random variables. (z) =(1+ Er) / cos(8(s))e~ /2 ds (6)
3) The random vziriablgpi is independent of the random variable 0
66;, moreover,bp; is independent obp; (i # j) andéd; is ~ . . .
independent 059],. wheref(s) = 0(s) + Ers andf(s) is th_e robot orientation as mea-
We therefore can write sured by the encoder sensor as a function of the curve lergthays
measured by encoder. In a similar way the other previous quantities can
be derived. We obtain

8pi ~N (5p(1+ Er),03,) (1)
y N (54 T .2 P ~ S
(50, ~N ((59, + ER(S’,{),(TM)) (2) <y> :(1 + ET)/ Sin(b’(s))e_hes/zds (7)
0
wheres; is the angle between the orientations related tdthel)th (%) =(1+ Er)* " ds /pis ds' {(;Kes’/z
and theith segment measured by the encoder sed$pfp andErbp 0 0
represent the systematic components of the erroraé,;nanda?p are « [(1 +xo(s)) cos[é(s +s)— é(s)]
directly related to the rolling conditions and are assumed to increase y R
linearly with the traveled distance, i.e., txs(s)sin[f(s+ ") — 9(5‘)]] }

K, [_ v
o5 = Kop (3) + 5 {p —I—/U xc(s)ds (8)
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2 2 [ T ke )2
) =+ B0)? [Cas [T as {ee Obsyo =z Zu — 1A (19)
, - s
x [(1 = xc(s)) coslf(s +57) — 6(s)] whereA; is the angular difference between the initial and final con-
+vs(s) sin[é(s 48— 5(8)]]} figurations,z; andy, are the position changes along thexis andy
B axis, respectively, between the initial and final configurations, 2nd
n Ixzp {p . /-p yc(s)ds:| ©) is the distance between the initial and final positions related tétthe
robot motion.
) P kg Because of the nonsystematic errors, the observables are random
(vy) =(1+ E7) / ds / ds {” ‘ variables, whose statistics are completely defined by the hypothesis in-
o , . troduced in Section Il. In particular, on the basis of that hypothesis, it
x [X’S(s) cos[f(s +s7) — 6(s)] is possible to compute the mean value and the variance of each observ-

able. We will show that the mean values are independent of the number

+xol(s Sm[e(s +5) = 9(5)]]} n, but only depend on the considered robot motion and on the model

K,_ e i 10 parameters. On the other hand, their variances decrease by increasing
+ 7/) + o Xc(s)ds (10) n. Therefore, the observable mean value estimation is more accurate
o O{Y) asn increases.
o0 =Ky 0Ky (11) We obtain for the mean values and variances (see [17])
-, 0r) - =
7o = 72K, (12 (Obso) = RO+ Exp. com, =) =L (20)

n

whereAd is the global change in orientation between the initial and

—2Kgs —2Kgs
whereyc(s) = cos[26(s)]e*¢* andxs(s) = sin[26(s)]e” " ¢". flnal configurations measured by the encoder sensor.

Previous equations enable us to compute the entries of the ratrix
once the parameteiSr, Er, Ky, andK, are known, and the trajec-

N o . . Obsyz) =Kyp, s = Kop 21
tory (s) is specified. We want to remark that, in reality, the odometry (Obspz) =Kop, 703y | (21)
sensor furnishes a discrete measurement. In other words, it provides the 1 & P
functiond(s) through its sampled values taken at appropriately spaced (Obsz) = Z<¢L’i> = (z), TObs, = Jn (22)
intervals. However, when the sensitivity of the odometry systemis high i=1 o
enough, the functiofi(s) can be considered provided as a continuous (Obsy) =(y),  oobs, = \/% (23)
function and (6)—(12) can be adopted. It is possible to see that the inte- v

grals appearing in those equations can be analytically computed whdrere the analytical expression{@f), (y), .., ande, in terms of the
the functiord(s) is linear ins (i.e., circular trajectory included the casetrajectory and the model parameters shown in Section Ill. Concerning
of straight trajectory; that is a special case of a circular path with ithe last three observables, we only give here the mean value for the sake

finity curvature radius). of brevity
Im oy 1=, 2 o 2 >
bs =— D)=~ x; +y; )= {(r
IV. OBSERVABLES (Obspe) n ;< 0 n ;<Tl )=+
In this section, we introduce the observables which are measur- (24)
able quantities related to a given robot motion. As we will show  (Obs,g) =06 (Obsys) = oy0. (25)

in Section V, in order to more easily experimentally estimate the

observables, we consider robot motions whose initial configuration':rom (8) and (9) we therefore obtain fObs 1,

coincides with the final configuration in the world coordinate frame of —Kos'/2
the odometry system. (Obspe) = K,p+2(1+ Ep)? / / d5 e
Let us consider a given robot motion, and let us repeat this motion
n times. The robot motion is always the same in the world coordinate x cos[f(s + 5) — 6 "””} - (26)

frame of the odometry system. The abservables are Clearly,{Obsp2) does not depend on the initial orientation. More-

N over, this observable is very important, since it is the only one whose
Obsp 1 Z A; (13) Mmean value depends on the paraméfer
)y = Finally, concerningObs.s and Obs,s, their mean values can be
computed through (11) and (12).

Obsye = . A; — Obsg)? (14)
n — n
: V. STRATEGY TO ESTIMATE ERRORPARAMETERS
1 L . . .
Obs, =— Z x; (15) The objective of this section is to suggest a possible strategy for es-
"= timating Er, Er, Ky, andK,.
1 - Let us consider the following simple robot motion. The robot moves
Obsy n Zy" (16) straight back and fortk times in order to cover a fixed distanpe=
Lo 2kl (measured by the encoder sensor). We obtain
_ 2
Obspz = Z D: 17 2Kkl

(Obsg) =2Egkl, TObsy = (27)

n

Obszo = (n—1)n? 1 )2 Z(l Ai— ;) (18) (Obsge) =2FK4kl,  0obs,, = 2Kkl Ll (28)
Vs
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To compute the other observables for this robot motion, it is very TABLE |
useful to introduce the following complex quantity: BEST OBSERVABLE TO ESTIMATE EACH MODEL PARAMETER
Kol . Ep Ky Er K,
z=—+iEgl 29 2
p i (29) Obsy | Obsga | Obs,, Obs,s, Obsps | Obspe

This complex quantity characterizes the rotational components of the
odometry error. In particular, its real part contains the nonsystemati%
component while the imaginary part contains the systematic one. whe

By a direct calculation, we obtain from (22) and (23) (se

Appendix I1) ARy _ 1 00bs,, 2 (33)
(Obs,) — i(Obs,) = (1 4+ E¢)If(=) (30) Ko Ky ‘% V-1

o

reL.. = n x 2kl is the total distance traveled by the robot, and
gom (28), we obtain

—92-

wheref(z) = (1—2e7" 472" )(e7>" — 1)/_2(6_23 —1). From  ConcerningEr, the best observable changes by changirigands..
(30) we see that the real part@f + E7)!f(z) gives the mean value The analytical expression ¢\ E7 /1 + Er) using the three observ-

(Obs.), and the imaginary part gives the mean val0ds,, ). ablesObs,, Obs, s, andObs 2 can be obtained from the equations in
The computation ofObsp2) is similar to the previous one, but a sections I11-V.
little bit more troublesome. We obtain In Fig. 2(a)—(c), we plot the relative error (in %) on this param-

eter, versug andn for a fixed L., and for the values of the model
. 5 ks . parameters we experimentally obtained in the corridor of our depart-
XR,G{(ﬁ 11— © ) +dk(e™™ — 1) +2§} _ment (see Section VI-B). Observe that by changing these values, the
Z(l+em)? =z qualitative behavior does not change. The relative error obtained with
(31) Obs, [Fig. 2(a)] increases with andr, but the variation is in any case
The mean values of the observabliss,., andObs,s can be easily bouqded and, in particular: does not exceed_4%. Regardi_ng_the accuracy
obtained through differentiation using (11), (12), and (25). ot_>ta|ned through)_bsnz_ [Fig. 2(c)], the relat_lve error again increases
Regarding the variances of the observal§lés, , Obs,, Obsz, with .k andn, but,.ln this case, .the growth is unbounded. Flnglly, the
Obs, g, andObs, we need to compute?, .., anda? related to the relative error obtained by adoptifighs,s [Fig. 2(b)] decreases with.

considered robot motion. The computation of these quantities can b&°"CEMMINGA,, the estimation can be obtained with good accuracy
carried out starting from the general expressions given in Section R 2dOPtiNGODs e with largek andn as shown in Fig. 2(d).

and is similar (although a little bit more troublesome) to the comput
tion of (x) — ¢(y) given in Appendix II.

Our strategy consists of the estimation of the mean values of thel) Experiment: Our experiments consist of the estimation of
observables for the considered robot motion. The advantage of ttiie parameters’, Iy, Ev, and K, related to our mobile robot
strategy is that we only need to consider the initial and final configdomad150 in two different environments, the corridor of our depart-
urations of the real robot motion. In Section VI, we discuss the attaiment (indoor) and asphalt (outdoor). Of course, it is possible to apply
able accuracy for the parameter estimation through this strategy andtir@ same method to other mobile robots, and the results will depend

(Obspz) =2K,kl + 2(1 + Er)*I*

B Experimental Results

show some experimental results. not only on the robot, but also on the environment where the robot
moves. In order to estimate the model parameters, we used several
VI. DISCUSSION values ofk, n, andi. In this way we could check the validity of some

. . . assumptions in Section II.
We illustrate the proposed odometry error model by discussing theQ) Robot: The Nomad150 is a three-wheeled, cylindrical

attainable accuracy for the parameter estimation by adopting the Ps@iq_gyro radius robot. Its diameter is 0.457 m and its height 0.406 m.
posed strategy and by showing some experimental results. It is equipped with six sonar sensors placed at 2&&ements, which
we did not use. Odometry sensors, located at the synchronous-drive
system, provide an estimation of the robot's configuration. The
We discuss the attainable accuracy for the parameter estimationseysitivity errors of this configuration estimation are 0.13 c¢m in the
adopting the proposed strategy. The error on the estimation of a givemslation and 0.05in the orientation. The robot configuration is
model parameter (for exampl: ) using the observabigbs; isgivenby  defined by the vectoX = [x,y,6]" introduced in Section lIl. In
AEr = (A(Obs;)/|0(Obs;)/IER|) =(cons,/|0{(Obs:)/0ERr]). order to evaluate the actual configuration change between the initial
Therefore, the relative error on the estimationtf (in %) using the and final configurations in the robot motion, we fixed three screws on
observabl®bs; is given by(1/Er)(cobs; /|0(Obs;)/IEr|) x 100. the base of our platform. When the robot was in the initial and final
Regarding the parametEt-, we actually consider, as arelative error, theconfigurations, we marked the floor in correspondence with the three
quantity(A(1+ Er)/1+ Er) = (AEr/1+ Er), whichis much screws. The error associated to the distance measurement between the
smallerthafAE+/Er). initial and final marks was taken equal to 0.2 cm. In this way, it was
In Table | we report the best observable to estimate each model passible to estimate the change in the orientation with an error equal
rameter with the robot motion considered in Section V. We see that0.3 and the change in the position with an error equal to 0.1 cm.
Obsg andObs, 2 are the best observables, respectively, to estifiate ~ 3) Results: We carried out four independent experiments, three in
and K, independently of the parameters characterizing the considetd indoor and one in the outdoor environment. In Table I, we report
robot motion &, , andl). The relative error on the estimation of thesehe parameters defining the robot motion. For each experiment, we con-
two parameters has a simple expression in ternis af andl. From  sidered appropriate values bfand» in order to estimate the model

A. Accuracy for the Parameters Estimation

(27), we obtain parameters with the best accuracy in accord with the considerations in
AE 1 oo 1 K Section VI-B.2.
R s _ o L—g (32) Fig. 3(a) shows the observall#hsys measured in the indoor envi-
R Tot

Er FEr | 9(Obsg)
9F R

ronment in the three related experiments. The valueisfset equal to
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Fig. 2. Relative error on the parametEr- estimated by observables. @ps,. (b) Obs,e. (C) Obs 2. (d) Relative error on the paramet&r, using the
observablé)bs 2.

TABLE I -40

d p
PARAMETERS DEFINING MOTION USED IN OUR EXPERIMENTS 3 e //J
- ) e
Experiment | Lty (m) | {(m) | Environment 20 s
1% 90 0.3 Indoor e ™)
d _ 2 Tot
2" 60 3.0 Indoor 105 00 155200
3¢ 180 6.0 Indoor @
4tk 90 0.3 Outdoor
2
0.8| 99
1 for all three results. Therefore, the corresponding (Lot /2nl) 0.4
are, respectivelyy =150, 10, and 15. From this figure, we can con- | 24 (m)
clude that the assumption about the linear increase of the rotational 010 0 3

systematic component with the traveled distance is well verified. More-
over, we estimated the valuBr = (—0.205 £ 0.006) (deg/m). (b)
Fig. 3(b) shows the observabigbs,z in the previous three experi-
ments. Observe that in this case, the relative error decreases: with
(33). On the other hand, for a fixdldr.:, we have om the constraint )
VEe x (2kl) = /Ky X Lioy/n > A6, whereAd is the resolu- e
tion in the orientation measurement (in our case equal t).0/8hen KA
/Ky x (2kI) < A8, itis not possible to estimat@bs,: ([9], [10]). 200 400 600

Therefore, we used the following values:ofor the three considered ©

experimentsp =6, 2, and 15, respectively. From Fig. 3(b), we carig. 3. Three experiments in the indoor environment@ye versusL ..
again conclude that the assumption of the linear increase of the variat@@®bs,2 versus2kl. (c) Obs, versuski®.

of the nonsystematic rotational component with the traveled distance

is reasonably verified. We obtaindd, = (0.011 4 0.004) (deg’/m).

Concerning the estimation df;, we usedObs, as suggested in
Section VI-B.2. By expanding the functiofi(z) appearing in (30),

we obtainObs, =~ —(1+ Er)Erkl”. In Fig. 3(c), we reporObs,  rough for largel due to the error on the other parameteRs.( Er

versuskl®. n is set equal to 1 in all three considered experiments. V%ﬁwdl{e). Moreover, from Fig. 2(d), it is possible to see that the best

can again conclude that the assumption on the systematic translatiq&luracy fodv, can be achieved for largeandr. We obtaineds, =

component is well verified. The slope of the straight lines in the figur@_z +1.0) x 107° m.

s —(1+Ey)x Exz. Therefore(AEy /1 + Ev) = (AObs, /Obsy )+ Concerning the outdoor environment, we found the following values

(AER/ER). We obtained 1 + E7) = 0.98 £ 0.05. through the fourth experimenE; = (—0.25 + 0.04) deg/m, K =
Finally, concerningKk’,, we could only estimate its value through(0.08 & 0.05) (ded’/m), (1 + E7) = 1.0 £ 0.2, andK, = (1.7 +

the first experiment. Indeed, it is possible to see by expanding in1.1)10~° m.

(=]

the function appearing in (31), the second term on the right-hand side
of that equation becomes much smaller tf2dii, k! only when! is
small. In other words, the accuracy of the estimationsof is very
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VII. CONCLUSIONS From (A2), we have

for a mobile robot with a synchronous-drive system and a strategy for g, ~ N
evaluating the error model parameters.
The odometry error was modeled by introducing four parameters.

Two parameters characterize the two nonsystematic componeiieresd; andsp are defined in Section Il anfl is defined from the
(translational and rotational). The other two parameters characterbq@\,iouS equation and represents the robot orientation attthgtep

the translational and rotational systematic components. The nQRr measured from the odometry sensor calibrated for the systematic
systematic errors were expressed in terms of a covariance matgixors. It is possible to obtain [17]

which depends both on the previous four parameters, and on the path
followed by the mobile robot. We derived closed formulas for the N . —(s2)/2
odometry error covariance matrix, applicable to any path. (cosf;) =cosfie % =
We introduced seven experimentally measurable quantities, the ob-
servables, for a given robot motion. On the basis of our odometry errorSubstituting (A5) and (A6) in (A4) we obtain
model, we analytically computed the mean values and the variances
of the observables, which depend on the previous four parameters and _ XN N
on the considered robot motion. We suggested a possible strategy for (xn) = (14 Br)op Y cos(;)e e
simultaneously estimating the four parameters by estimating the ob- =t
servables. Our strategy only required measuring the change in the ori- ) e = .
entation and the position between the initial and final configurations Bfd: Passing to the limiey = p/V'), we obtain (6).
the robot, related to suitable robot motions. In other words, it is unnec-
essary to know the actual path followed by the robot. APPENDIX I
We illustrated the proposed strategy by discussing the accuracyGMPUTATION OF () — i(y) FORMOTION CONSIDERED INSECTIONV

the parameters estimation and by showing some experimental resultsy/hen the robot moves forwatis) = Ers, when it moves back-
Ward(;(s) = 7 + Ers. We therefore obtain from (6) and (7)

In this paper, we have presented a theory about the odometry error
<§o + .50 + iErd,. Ky @) =N (5 m@)

k=1

cos B¢~ (K eP0)/2 (AB)

APPENDIX |
COMPUTATION OF (&) k=1 T zjt1) Kue/2
. 2y =(1+FE 0s(Ers)e™ 724,
We want to compute the mean value of the position change along the (r) =(1+ Er) ZO X /Zﬂ cos(Ers)e 5
Z axis on the basis of the odometry model discussed in Section Il. We _J(2j+2)l )
have :I:/\ ’ cos(Ers)e " 0*/2ds (B1)
N (25+1)1
z= lim zy = lim 5, iCOS (7?7 Al k=l T (241 .
Neoo T N—teo ; picos(ts) (A1) {(y) =(1+ E7) Z X / ’ sin(Ers)e™ ¢/ ds
7=0 L 241
wheregpi is defined in Section I, and ~(25+2)1 Ko
i/ sin(Egps)e 324 (B2)
PO N (2j+1)!
Bi =60+ ob; (A2)
k=1 Using the complex quantity defined in (29), we have
wherefd, is the robot orientation at the first step, artd is defined in b1 241
Section II. (x) —ily) = (1 + Ep)l Z « |:/ = ds
In order to computé), we first computg(x ), and then we take e 25
the limit value whenV — oc. We have 2542 ,
—/ e ** dS,:| . (B3)
2741

(an) = / {;\;1fg<5p1,aép) < fa(Bpn s 0sp) f (001, 7s0) - -
By directly computing the integrals, we obtain the familiar geometric
seriesy = ¢~ 2* and by summing, we obtain (30).

N

fg(EGN, Ts0) Z 5pi cos(é\,-)}
=1

W d5py - Ao BB, - A8 (A3) ACKNOWLEDGMENT
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