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Abstract 2. Properties of Odometry Errors

This paper describes a practical method for reducing In a typical differential drive mobile robot incremental
odometry errors caused by kinematic imperfections of a mobile encalers are mounted onto the two drive motors to count the
robot. These errors, here referred to as "systematic” errors, stay wheelrevolutions. After a short sampling intervathe left and
almost constant over prolonged periods of time. Performing an right wheel encoders show a pulse incremeniNofand N ,
occasbnal calibration as described here will increase the respectively. Now, suppose that
robot's odometric accuracy and reduce operation cost because
an accurate mobile robot requires fewer absolute positioning m =tD,/nC, (2)
updates. Many manufacturers or end-users calibrate their
robots — usually in a time-consuming and non-systematic trial where
and error approach. By contrast, our method is systematic, ,, - ¢ Conversion factor that translates encoder pulses into

provides near-optimal results, and can be performed easily and linear wheel displacement.
without complicated equipment. D Nominal wheel diameter (in mm).

Experimental results are presented that show a consistent . - CEncoder resolution (in pulses per revolution).
improvement of at least one order of magnitude in odometric - n Gearratio of the reduction gear between the motor and
accuracy (with respect to systematic errors) for a mobile robot the drive wheel.

calibrated with the procedure described in this paper.
One can then compute the incremental travel distance for the
1. Introduction left and right wheelAU, , andAUg , , according to

In most mobile robot applications two basic position- AU g | =Cn Nur 2
estimation methods are employed togethbsoluteandrelative
positioning [Chenavier and Crowley, 1992; Evans, 1994]. From Eg. (2) it is easy to derive the equations of odometry,
Relative positioning is usually based on odometry, that is, which express the horizontal displacement and rotation of the
computing a vehicle's relative motion from the measurement of robot (as shown, for example, in [Feng et al., 1994]).
wheel revolutions and/or steering angles [Everett, 1995]. In most
mobile robots, odometry is implemented by means of optical 2 1 Systematic and Non-systematic Odometry Erors
encoders that monitor the wheel revolutions and/or steering angle
of the robot's wheels. The encoder data is then used to compute  Odometry is based on simple equations that are easily

the vehicle's offset from a known starting position. Odometry is implement and that iize data from inexpensive incremental
simple, inexpensive, and easy to accomplish in real-time. The \heel encoders. However, odometry is based on the assumption
disadvantage of odometry is its unbounded accumulation of that wheel revolutions can be translated into linear displacement
errors. relative to the floor. This assumption is only of limited validity.
Because ofthe accumulation of errors, absolute position One extreme example is wheel slippage: If one wheel was to slip
correctons are often necessary after as little as 10 m of travel, on, say, an oil spilthen the associated encoder would register
and they are usually based on external measurements from \yheel revolutions even though these revolutions would not
beacon systems or landmarks (see [Feng et al., 1994] for a correspond to a linear displacement of the wheel.
detailed discussion of such systems). These systems require  Besides this extreme case of total slippage, there are several
installation and perhaps maintenance, and their cost increasesgther, more subtle reasons for inaccuracies in the translation of
with the number of beacons or landmarks needed. Therefore, whee| eroder readings into linear motion. All of these error

improving the odometric accuracy of a mobie robot can sources fit into one of two categories: (1) systematic errors and

dramatically reduce the cost for installation of a mobile robot (2) non-systematic errors.

systems because fewer absolute corrections are required. Non-systematic errors are those that are not directly caused
by the kinematic properties of the vehicle (for example: wheel-
slippage or irregularities of the floor). On rough surfaces with
significant irregularities, non-systematic errors are likely to be the
dominant source of odometry errors. On the other hand,
systematic errors are particularly grave, because they accumulate
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constantly. On mossmoothindoor surfaces systematic errors
contrbute much more to odometry errors than non-systematic
errors.

In most mobile robots systematic errors can be reduced to
some degree by careful mechanical design of the vehicle and by
vehicle-specific calibration. In this paper we introduce a new
method for finding and implementing such calibration factors.

2.2 Definition of Systematic Odometry Errors

The scientific literature, as well as our own experimental
experience, indicate that in differential-drive mobile robots there
are two dominant systematic error sourcesinequal wheel
diametersand theuncertainty about the effective wheelbase
We will denote these erroks andE,, respectively. These errors
are vehia-specific and don't usually change during a run
(although different load distributions can change some system-
atic errors quantitatively). Thus, odometry can be improved
generally (and in our experience, significantly) by measuring the
individual contribution of these two dominant errors sources,
and then counter-acting their effect in software.

It is important to note thak, has an effect only when
turning, whileE, affects only straight line motion, as was shown
by Borenstein and Feng [1995W; and B, are dimensionless
values, expressed as fractions of the nominal value. Specifically,
we define

E,=DyD, ©)

whereDg andD_ are theactualwheel diameters of the right and
left wheel, respectively. Theominalratio between the wheel
diameters is of course 1. We also define

Eb = bactua‘ b (4)

nominal

whereb is the wheelbase of the vehicle.
3. Correction of Systematic Odometry Errors

In this section we describe a method for measuring and
correcting systematic odometry errors. This method requires
two steps: (1) a set of well defined experimental runs, called
UMBmMark and (2) analysis of the experimental data by means
of a set of equations, developed below.

3.1 The experimental procedure "UMBmark"

The University of Mchigan Benchmarktest for mobile
robots (UMBmark) is a set of test runs in which the robot is
programmed to traverse the four legs of a 4x4 m square path.
The path Wil return the vehicle to the starting area, but, because
of odometry and controller errors, not precisely to the starting
position. The experimenter measures the absolute postien (
Yabg Of the robot before and after each run, using the fixed walls

where
£X gy, — Position errors due to odometry.
Xabs Yabs — Absolute position of the robot.
Xeale, Yeac  — Position of the robot as computed from odom-

etry.

This experiment and the associated measurements are
performed five times in clockwise (cw) and five times in counter-

clockwise (ccw) direction. The rationale for the UMBmark
procedure is explained in detail in [Borenstein and Feng, 1995a].
After performing the UMBmark procedure, the experimenter
wil have gathered five sets of return position errcg¥;, €Y;) for
the cw runs, and five set€X, €Y) for the ccw runs. If plotted,
these data points might look similar to the ones shown in Fig. 1.
Note that the return positions are clustered in two distinct areas.
Averaging theX andyY components according to

_12 €X cw/cew

g..cwjcew n‘

and (6)

n

1
yc_g_,cW/ccw_ﬁZ Y, cw/cew

yields the center of gravity{q, ¥ ¢ of both the cw and the ccw
cluster. Averaging reduces the random effect of non-systematic
errors, whichcause the spread of the return position errors
within each cluster.
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as a reference. These absolute measurements are then compareglgure 1 : Typical results from running UMBmark (a square path run

to the position and orientation of the vehicle as computed from
odometry. The result is a setfgfurn position errorsaused by
odometry and denotetX, €Y.

£X = Xabs - Xcalc

£Y = Yabs - Ycalc (5)

in both cw and ccw directions) with an uncalibrated vehicle.
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3.2 The analytical procedure q= Jesowt Xeg.con (180) @
- -4l T

One interesting aspect of the error distribution pattern in the
UMBmark experiment (see Fig. 1) is the fact that one can
analytically derive correction factors from the experimental
results. Before we do so, let us first define two new error B=
characteristics that are meaningful only in the context of the
UMBmark test. These characteristics, called Type A and Type
B, represent odometry errors in orientation. Type A is defined as
an orientation error thakeduces (or increaseghe total amount
of rotation of the robot during the square path experiment in
both cw and ccw directionBy contrast, Type B is defined as
an orientation error thatduces (or increasedhe total amount LR
of rotation of the robot during the square path experimenhén R= sin@/2) ©)
direction, butincreases (or reducesthe amount of rotation
when going in thether direction Examples are shown in Fig. 2.
Figure 2a shows a case where the robot turned four times for a
nominal amount of 90 per turn. However, because the actual
wheelbase of the vehicle was larger than the nominal value, the
vehicle actually turned only 85 in each corner of the square path. Ey =
In the example of Fig. 2 the robotillwactually turn only
Biota = 4%85 = 340, instead of the desired] mina = 360°. We
observethat inboth the cw and the ccvexperiment the robot

solves fora in [degrees], and

Xc, Low” )Q .,CCW (188 )
9-4L g = (8)

solves forf3 in [degrees].

Using simple geometric relations, the radius of curvaRire
of the curved path of Fig. 2b can be found as

Once the radiuR is computed, it is easy to determine the
ratio between the two wheel diameters that caused the robot to
travel on a curved, instead of a straight path

Dr _ R+b2
DO = R-Db2

(10)

The ratio of Eqg. (10) can be useddmrrect Type B errors
as will be explaied in Section 3.3.

ends up turningessthan the desired amount, i.e., Similarly we can compute the wheelbase eEgrSince the
Brotal, o < Prominal @Nd Protal, cod < P romindr Thus, the orientation  wheebaseb is directly proportional to the actual amount of
error is of Type A. rotation, we can use the proportion:

In Fig. 2b the trajectory of a robot with unequal wheel Dacwal . DPnominal 1
diameters is shown. This error expresses itself in a curved path oF ~ 90 -a (11)

that adds to the overall orientation at the end of the run in ccw
direction, but it reduces the overall rotation in the ccw direction, gq that

ie., _ oC

Bota,cot > P romind UL B 1ot ch< B nomcks THUS, the orientation Bucua™ G g Promina (12)
error in Fig. 2b is of Type B.
In an actual run Type A and Type B error# wf course
occur together. The problem is therefore how to distinguish ‘
between Type A and Type B errors, and how to computety e—— @‘
correction factors for these errors from the measured final ‘5\/'/ - = ~? L=dm
position errors of the robot in the UMBmark test. / Ledm 9,! =T —@\
/ g | it |~
3.3 Analysis of Type A and Type B errors / ccw ¥ | g ccw |
| ~Nominal square path 1 | Nominal o | g
Figure 2ashows the contribution of Type A errors. We / nd | L\ aminal square paf |
recall our assumption that Type A errors are caused mostly @ I \ |
E,. We also recall that Type A errors cause too much or t(ﬂ&@m /_‘Af@o \
little turning at the corners of the square path. The (unknown) *<__ "~ =~ =~ '

amount of erroneous rotation in each nominal®90 turn is
denoted as and measured in [rad]. e\@ — — — — s
Figure 2bshows the contribution of Type B errors. W 583 Robor WE"
recall our assumption that Type B errors are caused mostlye%nd
the ratio between wheel diametels, We also recall that Type /Vomlnal square path ~ al
B errors @use alghtly curved path instead of a straight one 4\ \ \ nl
during the four straight legs of the square path. Because of the cw 3 \ \ cw ‘3‘ |
curved motion, the robot ilv have gained an incremental \ \
orientation error, denotefél at the end of each straight leg. \ L=4m _ép i’ \ L=dm
We omit here the derivation of expressions doand 3, é%y B‘} \) X };\/ =
which can be found from simple geometric relations in Fig. 2¥ — et e b
(see [Borenstein and Feng, 1995b] for a detailed derlvatlo@gure 2: Type Aan d Type B errors in cew and cw direction. (a) Type A

Here we just present the resufts: errors are caused only by the wheelbase error E,. (b) Type B errors are
caused only by unequal wheel diameters (E,).
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where, per definition of Eq. (4)

1o
90 -a

b=

(13)

3.3 Compensation for Systematic Odometry Errors

Once we know the quantitative valuessfandE,, it is easy
to compensate for these errors in software. The correction for
the wheelbase errdw, is trivial: the wheelbask is redefined in
softwareaccording to Eq. (12). The correction for the unequal
wheel dametersE,, is slightly more complex: After performing
the UMBmark procedure, we know t§tual wheel diameter
ratio E; = R /R from Eq. (10). However, when applying a
compensation factor, we must make sure not to change the
averagewheel diameterD, since one would then have to
recalibrate that parameteP, wil remain unchanged if we
consider it as a constraint

D,=Or+Dyr2 (14)

Solving Egs. (33) and (39) as a set of two linear equations
with two unknownsDPr andD,, yields

2

DL = Ed+_1 Da (15)
and
R= 2 D (16)
QEy+1 °
We can now define the two correction factors
2
C =
L E+1 (17a)
&Y [mm] ®
100+
o
© o
501
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Figure 3 : Position Errors after completion of the UMBmark
Experiment (4 x 4 m bi-directional path).

Before calibration:  b=340.00 mm, D:/D, = 1.00000

After calibration: b=336.17 mm, D:/D, = 1.00084

_ 2
(1E) +1

Cr= (17b)

which can be implemented in the odometry algorithm by
rewriting Eq. (2) as

AU g | =CLr Cpy Nig (18)

We have thus corrected both dominant systematic errors.
4. Experimental Results

In this section we describe experiments that validate the
above described method for correcting Type A and Type B
errors by changing the effective wheelb&sand the effective
wheel-diameter ratidx/D.. The experiments were performed
with a TRCLabMaterobot equipped with an onboard 486/50
MHz PC compatible computer.

To avoid slippage, the robot was traveling slowly, at a speed
of 0.2 m/s during the straight legs of the square path. At the end
of each leghe robot came to a complete stop and rotated on-
the-spotthrough 96 . This means that the robot made a fourth
90° turn after returning to its starting area.

The difference between the absolute position and the perceived
position is called théeturn position errore; ¢ is defined by
Egs. (5), above.

The uncalibrated robot (i.eDe/D. = 1.0000 and = Byomina
340.00mm) made five cw trips and five ccw trips. As
expected, théeturn position errorsyere clearly grouped in a cw
cluster and a ccw cluster. For each of the two clusters &inel

Y components of the respective centers of gravity were com-
puted according to Eq. (5). The resultfyg andy.q were used

to computeE; according to Egs. (8) - (10). Then, correction
factorsC, andCg were computed according to Eqgs. (17) and (18)
and irtroduced into the dead-reckoning program. Similarly the
corrected wheelbad®,., was computed according to Egs. (11) -
(13) and revised in the robot's odometry program.

At this time the calibration procedure was complete. In order
to verify the results we ran the UMBmark experiment for a
second time, this time with the correction factors in place. Figure
3 shows the results of both the uncalibrated runs and the runs
with the calibrated vehicle.

Meg.ow™y (X:.g.,CW)2 * (yc.g.,CW)2

and

rc,g,,ccw:\/(Xc,g,,ccw)z +(yc,g,,ccw)2

(19)

To compare the accuracy of the robot before and after
calibration, we examine the absolute offsets of the two centers
of gravity from the dgin, cg, cwa@ndlcg, cow (S€€ Fig. 1). We
define the larger value amoRg,, cwandr ¢4, as themeasure of
dead-reckoning accuracy for systematic errors

Emax,syst: max( c.g..cw r c.g.,ct)/v (20)
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In the example of Fig. 3, Enaxsyst Was 317 mm before

compensation and 21 mm after compensation. This represents

a 15-fold improvement.

While developing this method, we performed a total of eight
carefully monitored experiments. The results are listed in Table
.

Table |: Dead-reckoning Accuracy for Systematic
Errors, Eq .y syst before and after compensation.

Experi- Eraxsystbefore Eraxsystafter Improve-
ment # compensation compensation ment
[mm] [mm]
1 317 21 15-fold
2 349 32 11-fold
3 310 31 10-fold
4t 310 14 22-fold
5' 310 26 12-fold
6 403 35 11-fold
after 1st comp: 66
~ 423 after 2nd comp: 20 21-fold
g* 232 12 19-fold

") Details shown in Fig. 7

") These 3 experiments used the same set of uncalibrated results and
identical correction factors.

In this experiment the diameter of the right wheel was slightly increased
by winding three loops of masking tape around the wheel perimeter.

Also: two compensation runs were performed. See explanation in main
text.

In this experiment the diameter of the left wheel was slightly increased by
winding five loops of masking tape around the left wheel perimeter.

")

&)

The seemingly large fluctuations in improvement, especially

thumb to the test in Experiment #7, whigge,= 66 mm was
notably worse (the improvement over the uncompensated run
was only 6.4-fold) than in the other experiments. Applying the
above rule-of thumb, it is evident that 66 mm > 3xSEM = 33.6
mm, so that a second compensation run was indicated. After the
second compensation, the vehicle's error Bgs, = 20 mm,
ie., a 21-fold reduction relative to the uncompensated systematic
error.

5. Conclusions

This paper presents a method for the correction of system-
atic odometry errors in differential-drive mobile robots. The
paper investigates specifically the errors due to wieel
diameter ratio,E,, and theuncertainty about the wheelbads.

The focus orEy andE, is based on our error model, which
assumes that systematic orientation errors are either of Type A
or Type B. Type A errors are directly affected Byand Type
B errors are directly affected I Other systematic errors may
also affect the overall Type A and Type B error. However, there
is no need to worry about this, because, in principle, both Type
A and Type B errors can be eliminated completely by changing
the effective wheelbase and wheel-diameter ration in software.

The main contribution of this paper is the definition of a
systematic procedure for correcting Type A and Type B
odometry errors. The effectiveness of this procedure and the
validity of its underlying model are supported by the experimen-
tal results. The results show that by changing only the effective
wheelbase and the effective wheel-diameter ratio the vehicle's
odometric accuracy (with respect to systematic errors only)
increased by at least one order of magnitude. This improvement
was consistent when tested repeatedly for the same vehicle and
when tested on the same vehicle but with artificially altered
wheelbases and wheel-diameter ratios.

One $ould note that odometric calibration factors are used
by many researchers. However, to date such factors were usually

among experiments #3, #4, and #5 (which all used the same found by some form of trial-and-error and some intuition on the

correction factors) are due to the fact thatdéeters of gravity
(c.g.s) for the runs after calibration are all very close to tiganor
(as seen in Fig. 3). Thus, the arbitrary spread of return position

errors caused by non-systematic error sources has greatergptimal results.

impact onthe c.g.s. For example, the c.g. of Experiment 4 is
only 17 mm (5/8") closer to theign than the c.g. of Experi-
ment #3 — a difference that is easily attributable to the arbitrary
spread of non-systematic errors.

In principle, it is possible to achieve even better results by

part of the experimenter. This type of approach is very time
consuming and yields inferior results. By contrast, the procedure
described here offers a systematic approach that yields near-
The strength of the UMBmark calibration
procedure lies in the fact that even minute mechanical inaccura-
cies, such as wheel diameters that differ by as little as 0.1% can
be isolated and identified..
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