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ABSTRACT

The paper extends the teat-and-repea paradigm that has been
successul for the cntrol of holonamic robds to nonhdonamic
whedchairs which may undergo pivoting adion over the murse
of their taught movement. Due to the nonhdonamic nature of
the vehicle kinematics, estimationisrequired -- in the example
given herein, based uponvideo detedion d wall-mourted cues
-- boath in the teading and the tracking events. In order to
acommodate motion that approacdes pivoting adion as well as
motion that approaches draight-line adion, the estimation
equations of the Extended Kalman Filter and the ntrol
equations are formulated wsing two dfferent definitions of a
nontempora independent variable. The paper motivates the
need for pivoting adion in red-life settings by reporting
extensively on the abiliti es and limitations of estimation-based
teat-and-reped adion where pivoting and rea-pivoting adion
is disalowed. Following formulation d the ejuations in the
nea-pivot mode, the paper reports upon experiments where
taught trgjedories which entall a seamless mix of nea-straight
and rea-pivot adion are tracked.

Keywords: Control systems, Robatics, Mobile roba systems,
Estimation wsing vision, Wheded robds, Autonamous
navigation.

1. INTRODUCTION

There has been considerable adivity in the
development of autonamous whedchair adion for individuas
whaose mix of disabiliti es predudes their self-navigation d a
power whedchair in certain environments [1]. One gproac
of several that have been tried is extended in the present paper;
this is the use of a prior teading episode for al path segments
within the home or workplace that will, a the diredion d a
user, be subsequently seleded for tracking. Asdiscussed in [2],
it is useful in such cases to formulate both the estimation and
control equations using an independent variable other than time:
Spedficdly, the independent variable used in [2] is the average
rotation -- forward or reverse, depending uponthe diredion o
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the arrent path segment -- of ead of two independently
driven wheds. This variable is propationa to the distance
traveled by the midpant between the two wheds aaoss the
current path segment.

The severa advantages of formulating the governing
equations in this way are discussd in the sedion immediately
below. The next sedion details the limitation o this
formulation in terms of the cdegories of trajedory that may be
taught and tradked: the formulation dces not alow one to
approach pure pivot, where the aserage whed rotation
approaches zero despite finite movement of the dhair. The
discusson goes on to ofer an aternative formulation for
estimation and trading that works in the pivot and rea-pivot
cases, but fail s as graight-line motion is approached.

The following sedion dttail s experimental work to vali date the
use of a “shifting” strategy -- applied bah during the teading
andtradking events -- which aternates the two formulations to
estimation and/or tradking as a maneuver compaosed o both
kinds of motion ensues. A brief summary and conclusion
follow this.

2. TEACHING AND TRACKING WITH RELATIVELY
LITTLE PATH CURVATURE

Consider the motion o the whedchair toward the
table asindicaed in Fig. 1. During ateading episode, the chair
undergoes motion such that the midpant A between the two
wheds traverses from starting point C to destination pant D.
During this motion, the dair, either through being pushed o
joystick-controlled, is guided by ahuman operator.
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Figure 1- A typical taught path from position C to tableD.

Beginning with the nomina (no-whed-dip) kinematic
equations of motion, given by,

dx
— = Rcosgp
da
dy )
— = Rsing Q)
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dp UuR
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and the starting pose of the whedchair, Xc, Yo, @, the
numericd integration based onencoder-sensed whed rotations
produce dead-redkoned estimates of the ongoing values of X(a),
Y(a), ¢a).

Here, X, Y are the Cartesian coordinates of the
midpant of the ale (denoted by A in Figure 1), @ measures the
orientation d the system with resped to the X axis of the fixed
floor coordinates. The variables #; and 6, are the left and right
whed rotations, respedively. We have two parameters, R, the
radius of the drive whed, and b which is the distance from the
whed to the midpaint of the ale. Findly, sis ameasure of the
distance traveled along a cetain segment. It is explained in
detail further below.

The independent variable a is defined in terms of the
individual whed rotations, instead of the more famili ar variable,
time. The reason this is convenient is explained further on. The
quantity u isrelated to the steeging control whil e trading.

Also, these equations describe the movement of the
whedchair while moving in the forward dredion, not
necessxrily at the same speed. This is cdled the mode-1
movement of the vehicle. If the chair is moving badkwards the
definitions in (3) change in terms of one sign. Thisis cdled the
mode-2 movement of the dair. Since the basic form and
approach are the same, we will not make adistinction in our
discusson between modes 1 and 2. One only has to be caeful
in the propagation d this sgn while cdculating the mvariance
P as explained below. For further reference onsult [3].
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For purposes of natation, the kinematic equations of
motion shown in (1) are grouped in vedor form

x(@) =[x (@), Y(@). o))"

dx(a) o
— = f(x(a),u(a)) + w(a)

da

where dx/da are known as the state equations and a process
noise vedor w has been added to f to acourt for errorsin the
nominal nonhdonamic kinematics. The processw is assumed to
be zeo-mean, with Gaussan dstribution, and randam. This
propasition is not esentialy corred, since it asaumes that the
error in the kinematic equations can be represented by white
noise. But the white noise asamption can be used as a
representation o the erors in the system model and in the
measurements of the physicd system [2]. The ideais that the
possble bias the state equations might have gets compensated
by using the same physicd system for bath the teading and
tracking episodes.

& o

oA wall cue
= appearsin
camera-1
space: Xc.
K""‘physical cue

wall

Figure 2-Two cameras are mounted below the seat and
positioned to have clear view to wall cues.

As the vehicle moves aheal, camera 1, as pictured in
Fig. 2, aquires an image of a wall-mourted cue (see Fig. 3)
which has known coordinates relative to the X Y coordinate
system given in Fig. 1. With ead observation, x., as designated
in Fig. 2, the etimates are updated in acmrdance with the
Extended Kalman Filter agorithm (EKF).

Figure 3- Typical cue

Spedficdly, the observation equationis given by:
(X p- X)cos( + C4) + (Yp -Y)sin(p + C4) +Cy

P ) - -
p |n(qo+C4)+(Yp Y)cos@+C4) Ca

= h(X,Y, @, X Yp,g)

pl
Z(ag) = h(x(ag)) +Vv(agy)

4
where X,,, Y, are the wordinates of the ae p and C,-C, (or Cin
the equation for h) are parameters that give the full description
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of the canera's position and aientation related to the base and
the focd length. These can be obtained by cdibrating the
cameras. The vedor equation z(a,) is only valid at discrete
values of the independent variable a, when an olservation is
obtained, and v(a,) is the measurement noise vedor. In our
spedfic cae, we only have one observation equation, so bah
Z(a) and v(a,) are scdars. This processis asaumed to be zeo-
mean, with Gaussan dstribution and random. The process
noise w and the measurement noise v are aaumed to be
uncorrelated.

Eq. (4) are based uponthe pinhde canera modd in
the canera-x. diredion asindicaed in Fig. 2 [7].

=
X{0), Y(0). 9(0) X(1), Y(1), 9(1)

Figure 4- Definition of parameter s

During a teading episode, the EKF is applied to Eg. (3) above
in order to produce ongoing estimates of the pose. Following
teadiing, in a postprocesor program, this squence is reduced
to aseries of line segments asindicated in Fig.1. Each segment
is charaderized, as indicaed in Figs 1 and 4 by a
parameterizing scdar s which ranges from 0 to 1 At the
starting end o theinterval, s =0, estimates from the teading are
asdgned to crede the reference path. At the terminal end, s=1,
the same ocaurs. The strategy for dividing the dense sequence
of estimates aqquired duing teading into such intervals or
segments is outlined in detail in [4]. Generdly, with locdly
small radius of curvature, the path is reduced to relatively short
segments. As discussd herein, this grategy is effedive only up
to a point:  With increasingly small radii of curvature the
effediveness of the dtrategy diminishes, and hence a
dternative formulation is required. A typicd comparison
between the raw estimates, represented as points, and the
postprocessor’s reduced representation d the path, represented
as line segments, isill ustrated in Fig. 5.

Figure 5- Typical comparison of sequence of pose estimates
compared with the generated trajectory.

The estimate of the state is represented by X(a ) andthe
estimation error covariance matrix of the stateis P and given by

P(a@) = E[(x(a) - %(@)) (x(a) - X(a))TJ (5)
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where E[.] is the expeded vaue of the process The diagonal
terms of the matrix P represent the variances of the estimation
errors of the state. It is to nde that for nonlinea systems, P is
only an approximate mean square @ror and nd a true
covariance[5].

An advantage of using o rather than time & the
independent variable for purpases of estimation hes to dowith
propagation d P:

dP T
—=AP+PA +Q
da

A_ai(x,u) (6)
T ax x=X(a)

u=u(a)

Where Q is the cvariance vedor associated with the noise
vedor w, andX(a) = ()2 (a) \?(0{) (ﬁ(a))T corresponds to the

estimates of x(a) = (X(a) Y(a) p(@))" .

The state etimates are upcated at a, when a new
observationis aaquired:

Xag lag) = X(@g) +K(ag)z(ag) —h(X(ay))]

Plag lag) =[1 =K(ag)H(X(ay))] P(ag)

K(ag) = Plag)H ' (Xag)H&@,)Pag)H ' (X(ag)) +R@g)]

oh(X(ag))

X x=X(aa)

H(X(ag)) =

(@)

where R(a,) is the mvariance matrix of v(a,). The quantities
P(asla,) and X(aa | aa) are the updsted estimate vedor and

covariance matrix, respedively (a posteriori). This process
which incorporates weighted observations to the ejuations of
motion, is known as the Extended Kaman Filter [6].

To complete the estimation strategy, we have to
consider that there is ome finite time nealed to process an
image aquired by a canera. Since a continues to grow while
the program is extrading the information from the image, the
observations obtained to upcdite the etimates must be
trangitioned from a, - the value of a when a video sample was
aaquired - to a, the value of awhen a the aes have been
identified. So, our modified equation for the EKF is:

K@ |ag) = X(ap) + ®@p,ag)K(@g)[z(@g) - h(X(@g))]
8

where @(a,ap) is known as the state transition matrix. It is

obtained by integrating numericdly the equation

dq)(a,ao)

= f(X(a), u(a)) ®(a,aq) 9)
da

with the initial condtion @(agaq) = |, the 3x3 identity matrix.
A similar analysis can be dore in the cae of the estimation
error of the cvariance matrix at oy given the observations up to
aa P(aplay). Thefull procedure is detailed in [3].

Becaise the ecoder-advanced a is nominadly
propationa to the physicd distance traveled by the midpant
A, varying spedls of the teadher are acommodated. If time
were the independent variable, and for instancethe teader were
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to pause during teading of a path, variances would continue to
grow between olservations despite the fad that there is no
motion o the chair. A more ressonable asumption is to make
the dependence of the variances on the atua distance traveled
during teading.

AY At instant o, reference value of three elements
_of Xccalculated from ¥ (o) >
s—> acdg to: X, = %e(0) + S (%l1) = X((0))

best estimate at instant o of current pose
>
X

Figure 6-Identification of reference point son a given
straight-line path segment.

The munerpart advantage to this grategy during tracing
aso relates to spead: During tradking, as a pradicd matter,
vehicle speed shoud be set based upona range of possble
considerations:

e Since the tracking depends on the ‘goodress of the
estimates, the information receved shoud be densg, that is, the
observations soud be frequent and reliable. When this is not
the cae, the vehicle shoud slow down urtil dense e
information is available ajain. If the flow of valid estimates is
not reestablished, the dair shoud stop, to avoid a posshle
collision. The inverse of this stuation is when the observations
arrive amnstantly. In this case, the spead of the whedchair can
be increased to complete the path more quickly. A strategy to
regulate the velocity of the vehicle can be devised, based on
these simple mnsiderations.

e The maximum speeds of eat segment of the path can
be adgned in terms of the path geometry — for example, in
terms of the arvature. Also, a predefined profil e of speeds can
be built on the trgjecdory. Thisis a desired behaviour when the
chair is abou to change diredions, for example.

e The alvantage of the geometric gpproach is the
cdculation d the maximum speeds off-line, that is, while using
the postprocessor that generates the path segments after
teading has been completed. That takes a cdculation buden
from the navigation computer while in teading or trading
mode. This reference velocity could then dminish when the
path istracked if the estimation information becomes poar.

Three quantities that measure the difference between the
estimated pasition o the chair, and the position where the
vehicle shoud be & a cetain juncture ae now to be described.
These variables will help design aviable tracking control for the
whedchair, and are defined

en = [ X ef (@) = X(@)]sin@@)) +[Y,of (@) - Y(@)] cos@(a))

&p = ¥ret (@)~ P(@)

e =[X g (@) = X(@)]cOs@(@)) +[y,ef (@) = Y(@)]sin@(a))

(10)
where e, is the aror norma to the traedory, ey is the
difference in the agle between the desired and the adual
positions, and g is the aror in the tangential diredion. The
values X and Y,¢ are the reference values of the trajedory, and
they are afunction o the distancetraveled s
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Xref (s) = ag + s
Yref (s) =bg +bys (11

Pref (s) = Co + ¢S

where the @mnstants a;, b;, ¢ are the polynomial coefficients that
define the segment to be traveled. Sincethe segments are linea,
the order is one. The postprocessor cdculates these mnstants.
We use anormalized s so that the navigation program knows it
must switch to the next segment when s> 1. To finish the design
of our controller, we must find a way to cdculate s, our only
unknown quantity, since the position and aientation o the
vehicle ae available & any instant.

By choasing e = 0, the distancetraveled in a segment
can be caculated as,

.- lag- X (a)) cos@(a)) + (by = Y (a)) sin@(a))]
[, cos@(a)) + by sin@(a))] '

12

The definition d the variable u given in Eq. (2) is

cdculated from whed rotations in a teathing episode. When

tracing the trajedory, we use it as our control parameter based

on the normal and angular error. We can stee using a
combined propartiona controller

u=K pn€n * Kp(pe(p. 13

A closed-loop prformance analysis can be dore to
determine the stability of the system and the validity of the
lineaizaion d the state equations. Such an analysis has been
dore and can be mnsulted in [3]. In that same work, a number
of experiments with this control approach are detailed and
demonstrate that this grategy is gable and effedive.

3. A NEW TRACKING APPROACH FOR
TRAJECTORIESWITH LOW RADIUS OF
CURVATURE

The gproach in the &ove sedion works very well
when the trgjedories are linea or have large or moderate radius
of curvature. But as the vehicle gpproadhes a movement that is
pure rotation, our control variable u tends to grow, as the
denominator tends towards zero. This is becaise in pue
rotational motion, 46,= -46, . This type of movement iscdled a
pivot or nea-pivot, and it is produced when the wheds are
turning in oppaite diredions, thowh na necessxily a the
same spedl. Clealy, the @ove strategy is no longer effedivein
these caes, as our independent variable a approaches a
constant (dar/dt tends to zero).

Pure rotational-motion cgpadty is desired in avehicle like

thisfor avariety of reasons:

e A chair that can oy move in modes 1 or 2 (linea or
with alarge to moderate radius of curvature) has the
same maneuverability as a ca; it canna do sharp
turns, and hes to compensate with several linea
movements what could be dore with ore single
rotation - for example, parking a ca in asmall spat.

» Redistic working aress are normally very crowded,
and spaceis at a premium. They could include small
corridors, narrow doaways, bedrooms with
furniture, bathrooms and kitchens. Some of these
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environments are simply imposshle to navigate
withou pivoting.

e This limitation is arbitrary with respea to the range
of trgedories that a human could teah to the
vehicle.

We start by introducing our new definitions for a and u,

for the cae where the chair would rotate to the right:

» 6,-0
g =A%
2
(14
u*:A62+AHl

where 46, >0 and 46, <0. We cdl this behavior “pivot right” or
mode-4 type movement. Note that u’=1/u. This property will be
important when we try to tradk mixed-mode paths. Making this
change of variables yields a new set of equations of motion:

dXx
+— = Rucosg
da
dy )
+ = Rusing (15
da
dp R
da b

There is one last case, when 46, <0 and 46, >0. We
cdl this rotational behaviour “pivot left” or mode-3 movement.
The definitions of u” and a”change slightly

» 05,-0
P B |
2
. (16)
* A8, + A6
o802+ 08

The euations of motion have the same form as in
(15), with some sign differences. For the purpose of this article,
we will concentrate on mode-4 motion as an example of a
rotational mode since the procedure is the same for mode-3
motion.

As in the ealier case, a person ‘teades a rotational
path to the chair. The estimates using our new definiti ons of the
equations of movement are recrded and trgjedory segments
are generated using a new version d the postprocessor. But,
when trading the path, we are doing a basic rotational motion
(the mixed rotational-nea-rotational-linea-nea-linea case is
analyzed in the next sedion), and ou old definition d the ac
length is no longer useful.

In the postprocessor, we @nstruct the new segments
aslinea functions of sin the gcoordinate:

W) = Pref (0) +S[Prer @) — Pgf (0)] 1)

where s, as before, takes vaues from 0 to 1, and @«(0) and ¢
ret (1) are the reference values of @at the beginning and end o
the maneuver, respedively. These ae cdculated by the
postprocessor when it creaes the rotational ‘segments’ that are

to be tracked by the vehicle. Since the value of ) is known at
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al times, we can cdculate from the value of s (now more like
an angular distancetraveled) and the values of X« and Y,«:

(p - (pref (0)
Ss=—m——
Pref @) ~ Gret 0

Xref (8) = Xyef (0) + S[Xgf () = X (O (18

Yref (8) = Yyef (0) + S[Yigr () — Yigr (O)]

With the referencevaluesin X and Y, it is posshble to
cdculate the ongoing position error while trying to tradk a
trajedory. Then, e,, e5 and g can be caculated using equations
(10). Refer to Figure 7.

— o 5 Feom
o = Banm — 9(0) £(0), P(0).$(0)

H(l) - G0)

X

>

Figure 7- Sequence of estimates of taught poses -- and
alternative definition of s -- during a mode-4 segment of the
path.

As before, the speed da*/dt (which is propartional to
angular speed d¢/dt in thisinstance) is st based onindependent
considerations. With da*/dt determined at any juncture based
on these mnsiderations, the commanded speal for the two
wheds at the aurrent instant only requires determination o u*.

The strategy for computing u* isto aduate the wheds
in order to corred to the extent possble the arrent trandational
error easindicaed in Fig. 8. Because instantaneous progressin
trandation can only occur in the diredion o the dair, we use
the comporent g asdefined in Fig. 8.

Figure 8- Error ewhiletracking in rotational mode

One posshle ontrol law would be u'= K, & . The
resulting commanded angular velocity for the two wheds
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shoud tend, over the rotational course of the maneuver to
diminish current trandational error while undergoing the
required rotation. Our acual control law is:

*

u =Kp e +Kp,e (Kp € ~Uginematid 19

where U’ nematic iS the cdculated u as per Eq. (14). This added
part of the ejuation gives a weighted dfference between the
commanded control u (dependent on the tangentia error) and
the u cdculated by the kinematic equations of motion. This
difference tends to be significant at the start of a new mode of
motion, and dminishes quickly afterwards. The term was added
to the control law after several experimental runs showed that
an extra ‘push’ was needed right after the whedchair was
switching modes.

With this control approach we retain the benefits of
spedfying the velocities for ead segment beforehand — using
our modified pcstprocesor.

4. CREATING A MIXED-MODE TRAJECTORY

So far, the caability exists to trak a segment in ead of the
four possble modes: 1- forward linea motion, 2- badkward
linea motion, 3- pivot left rotational motion and 4- pivot right
rotational motion. If a segment is tagged (in afile, for example)
with a cetain mode beforehand, we can make our tracing
program ‘dumb’ and just move the wheds acarding to the
appanted control basis, withou worrying if the cntrol might
bewme unstable or indeterminate. All this process of
appanting a mode to ead segment can be dore ‘off-line, that
is, after ateading episode, with the vehicle a rest.

But numericd integration and estimation accurs in
red time during teading. So, the strategy is to find a way to
know when to switch to dfferent sets of equations of motion
while teading, so numericd-integration instability does not
occur. The cdculated estimation pants are saved to afile that
will later be processd by our postprocessor program. This
program will cdculate individual segments rted acording to
mode, and then join everything into asingle path file.

A way to implement thisisto use the cdculated vaue
of u a ead juncture during teading (Eg. (2), (14) and (16)) to
determine in which mode of movement the vehicle airrently
operates. For ead series of joint rotations, u and U’ are
cdculated, which correspond to mode-1 and mode-4 type of
movement (the values of mode-2 and mode-3 are the same & 1
and 4 respedively, except for asign change).

In mode-1, the more nea-straight the motion, the
smaller u becomes. In the limit, as the traced path is a complete
straight line, the value of u is equal to zero. Conversely, as the
path becomes more airved, the value of u grows. When u is
equal to ore, one of the wheds has sopped moving, and we ae
abou to switch the form of motion. As u becomes bigger than
one, we have 46,<0 or 46,<0 (but not both). This corresponds
to a nea-pivot motion. In the limit as we gproach a pure
rotational motion, u bemmes indeterminate due to a zeo
denominator, and the equations of motion are no longer valid.
An analogous analysis can be made for u” sinceu’ =1/u.

One last thing to consider isthat an hysteresis effed is
desirable. If we just set a threshdld of the value of u and u” to
switch modes, we might get noise or a “chattering” effed. This,
in turn, would result in urstable paths where we ae switching
bad and forth between modes. To prevent this, we keep in
memory the mode for the ealier set of joints and cdculate u or
u” depending on this past information. If — say -- u in mode-1is
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bigger than 1.2, then switch to a rotational mode; it could be
mode-3 or mode-4 depending on the sign of u’.

Thereis 4dill the matter of the stability of these hybrid
segments, in particular the rotational ones. But the first
experiments look encouraging, as long as any linea segment
measures in length at least 7.0 inches, and any rotational
segment subtends an angle of nolessthan 5 degrees.

In the next sedion, some preliminary results are
discussed.

5.RESULTS OF MIXED-MODE TRACKING

A spedal testing area has been arranged at the laboratory of
room B-28 Fitzpatrick Hall of Engineaing at the University of
Notre Dame. The following rotational and mixed path trading
tests were cnducted with the described prototype dhair in this
laboratory.

Trajectory 1:

In this first trgjedory, the whedchair was taken from a doar-
like entrance (room coordinates X=56.5 in, Y=0.0 in), to in
front of awall, from that paosition, backwards to a metal desk.
Finaly, the path passes through in the midd e of two chairs and
returnsto the origina position. Refer to Figure 9.

Mixed-path tracking trajectory

-1V SO S I ——————— )

Figure 9- Trajectory 1 and tracking data

In the figure, the lines represent the trajedory that the
chair will tradk (generated by the postproces=or, after ateading
episode) and the small circles indicae the estimates of the
whedchair whil e tracking, during one typicd tradking test. The
square is one of the bases of the desk and the big, solid circles
are two chair stods. The dimensions of the cair, roughly, are
24 inchesin width and 49inchesin length.

Figure 10 gives a better ideaof the trgjedory tracked
by the whedchair. The arows indicae the diredion o the
movement; the redangles are an approximation o the dhair size
andthe ‘0’ represents the side that is the badk of the dhair.
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Mixed-path tracking trajectory

-40 -20 o 20 40 :11) a0 100 120 140 160

Figure 10- Chair representation in trajectory 1

To be ale to complete such a difficult maneuver, the
chair has to turn abou its Z axis (perpendicular to the floor)
several times, doing pivots and rea pivots, combined with
linea segments. Some of the parts of this path require grea
predsion, in particular the one that goes to the center of the
desk. The small discrepancies between the tradking and the
reference path are due to slow control steaing and nd to errors
in the estimates. That is, the whedchair ‘knows where it shoud
move, but the cntrol canna read fast enough. This tends to
happen in mode-1segments that have some arvature, due
primarily to inertial effeds.

This tragjedory was tradked succesgully 30 times with
no fail ures (bad estimation, no olservations, erroneous tradking,
etc.) and with good termina position (abou 1 o 2 inches
difference from the desired coordinates in terms of tradking
error).

Trajectory 2:

In this ond trgjedory, the whedchair started again
from the same doar-like entrance, went to the midde of the
room, did a 360-degree ourterclockwise turn and arrived in
front of awall. Then, it moved badkwards to the center of the
test space ad dd a dockwise 360-degree turn. Then, it
continued backwards to the initial position. SeeFigure 11.

Mixed-path tracking trajectory

Figure 11- Trajectory 2 and tracking data
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The purpose of this exercise was to test al four modes
of movement. Note that the data plotted do nad correspondto
the central point between the wheds, but to apoint 6.375inches
behind the ale. The reason for this is smply convenience of
measurement, and that is why the pure pivots would be shown
ascirclesinstead of points.

Again, tracking and terminal paosition are within 2 @
3 inches. This trgedory was tested successully 30 times, with
no fail ures.

Trajectory 3:

In this last tested trgecory, the vehicle would go
forward from our doa-like entrance past a seaond ‘doa’
(made out of two bars of Styrofoam), and then doa sharp turn
and return close to our first doar-like structure. Then it turns on
its Z axis to pasition itself in its origina placement. It must be
noted that thereis awall at X=0 making the returning maneuver
as if the chair was crossng ancther doar, simulated by the wall
and ore of the Styrofoam bars. Refer to Figure 12.

Mixed-path tracking trajectory

140 18D

Figure 12- Trajectory 3 and tracking data

In the figure, the two small redangles in the upper
part represent the two Styrofoam bars, and the two lower
redangles the doar-like structure. The difficult part of this
maneuver is the very sharp turn after crossng the second‘doa’.
This posed severa difficulties, since visibility is poa in that
particular sedion and the whedchair has to navigate with
information from just one of the caneras, sincethe other one is
too close to the wall. In Figure 13, the plot shows the dair
pasitions during travel.
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Mixed-path tracking trajectory

Figure 13- Chair representation in trajectory 3

The result is that, during testing, 10 tries were
successul and threefailed. In all of these unsuccessul tries, the
estimates had an error of abou 3 inches at the moment of
fallure that coud nd be mrreded dwe to the lak of an
observation in some aiticd juncture. This error was enough to
interrupt the maneuver, sincein this sarp turn, one of the front
legs of the chair haslessthan 3 cm of spaceto pass

6. FUTURE WORK

This last test confirms the ideathat, as long as we have
good estimates and constant flow of observations, we can track
reliably avery complicated path - as was demonstrated in tests 1
and 2 So, the future work to be dore is to guarantee good
estimates during the full tradking maneuver. There ae severa
ways to dothis:

e Install more caneras in the chair, maybe two fadng
backwards and to the sides.

e Useprogramming to better validate eab cue deteded,
i.e. discard false positives. There ae some strategies
that have been succesSully used, but improvement is
still posshble.

. Use faster hardware. With a faster CPU, the image
information given by the caneras can be processed
faster giving us amore dense flow of observations.

What is important is that the general approach appeas to
work. Several more tests with dfferent geometries and dfferent
working spaces need to be ndiwcted, but the preliminary
testing of the general strategy is very hopeful.

7. CONCLUSIONS

In this paper, the gproac the tead-repea paradigm
applied to nonholonamic wheded vehicles has been extended
to include trajedories that have high radius of curvature, or
mixed linea and rotational modes. The new rotational equations
of motion have been described, aong with ou new control
strategy in cases where the path has pivot-like geometry. The
nead for acarate estimates has been emphasized for reliable
trakking in al four described modes of movement. The
justification for this approach in redistic working environments
was given. Experimental results were analyzed and future work
was described.
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