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JAIST Robotic Walker Control Based on a Two-layered Kalman Hiter

Geunho Lee, Eui-Jung Jung, Takanori Ohnuma, Nak Young Chemd) Byung-Ju Yi

Abstract— This paper presents a new control scheme of
JAIST Active Robotic Walker (JARoW) developed to provide
elderly people with sufficient ambulatory capability. Toward its
practical use, our focus is placed on how to allow easier and
reliable maneuverability by creating a natural user interface.
Specifically, our challenge lies in providing a well-functoning
controller by detecting what the user wants to do or their
intentions. A Kalman filter based tracking scheme is realizd
to estimate and predict the locations of the user's legs and
body in real time. The feedback control can then adjust
the motions of JAROW corresponding to the actual user’s
walking behaviors. Our experiments confirm that JARoW can
autonomously adjust its motion direction and velocity without Fig. 1. JAIST active robotic walker (JARoW) prototype
requiring any additional control inputs.

I. INTRODUCTION detection based on pressure sensors [10]. However, uraler re
Personal mobility aids are strongly desired to help e\_/vorld conditions, it is difficult to guarantee their reliityi.
derly and/or lower limb disabled people stay independen\}\./ \1\(/; gff\éioget?a;ihcengﬁt ;{?‘OF:]OC\:\; r;rboirict)ty?seeelnFiZOOS [11'i1]e
Recent advances in robot technology have provided a SOIr'#;in obiective of this % er is 5) reysent an génh:anced
foundation for the development of various walking aidshavi atio]n control methopd [f)or JARon enabling to provide
Notable examples include wheelchairs [1][2], canes [3H an 9 : - ! glopr
walkers [4]-[7]. Depending on different levels of ambulgto e!derly people_W|th sufficient ambulatory c_apablllty in all .
capability, robotic wheelchairs [1][2] are one of the mosg::gggg:zl e\ll\clzg;kei\r/]ed 'It')r):erneatil;rilmiwl;n(s:ogsgr?;:lee% :ngn ohrg\r,\\;-
widely used mobility aids. Unanticipated problems reparte 9. y 9

include muscle weakness due to long-time sitting or mentiy design & natural interface and a feedback control in the
resence of sensor measurement faults. For the purpose, a

stress from the lower line-of-sight. Robotic walkers Carﬁalman filter based tracking scheme is realized to estimate
be further divided into passive [4][5] and active walkers g

[6][7]. The features of passive walkers include low Costand predict the locations of the user’s lower limbs and body

X : in real time. The feedback control can then adjust the metion
simple structure, and compact size. However, users must ta

overly cautious steps not to push it out too far forward? JAROW corresponding to the user's walking behaviors.

Also, it is deemed to be unsafe to use on uneven/slop'}éoreover’ the obstacle avoidance scheme employing the

. : . . otential field technique is implemented to move safely
terrain. Active walkers may provide both ambulatory aid an . . : .
S . and smoothly in the indoor environment. We describe the
rehabilitation. However, they are still bulky and costipda

. . . . . g proposed control algorithms in detail, and perform extensi
their complicated operation often requires considerakié s experiments to demonstrate their effectiveness in ourtabo
to use. Toward more widespread use of active walkers, thefar )

: ; ; . fory environment.
are many things that need to be taken into consideration.
For instance, elderly people are slow in behavior and not I1. JAROW: SYSTEM DESCRIPTION
familiar with mechanical or electronic controls. Therefoa .

. . . . : A. Control Architecture

simple and natural user interface is of particular imparéan . o _

To meet these requirements, voice activation systems haveJAROW autonomously adjusts its direction and displace-
been presented in [8]. Despite their many advantages, théR@nt according to the user's walking behavior without
are critical problems such as interference and recogriiian  "équiring any additional user effort. Specifically, JARoW
remain to be resolved. Instead of using the user’s commag@nsists of the drive-train, the interface system, and tasm
directly, it would be very convenient if his/her intentioarc ~ controller. We use a laptop PC that runs on Microsoft's
be recognized by robotic walkers. A few examples includ¥Vindows XP as the main controller. The input to the main

the visual recognition using cameras [9] and human gagontroller includes the measurement data obtained from the

interface system. Based on the data, a Kalman filter based

G. Lee, T. Ohnuma, and N.Y. Chong are with the School of Infaiiom  tracking scheme estimates and predicts the locations of
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Fig. 2. Specification and notations of the base frame

time step. Details on the control scheme will be explained
in the following sections.

B. Mechanical Structure and Hardware Configuration Z"d"‘.‘wheel Pr 4

A compact design, such as 8261000mmin height, and &
880mmand 770mmin horizontal diameters, saves cost and (%5, 9,)

A, )

uses less space. It is therefore considered to be suited for ';"

use in various environments including narrow hallways or \",\L\Dbc ’ 3’ji,fwheel
elevators. As shown in Fig. 1, the outline is a circular shape LZ%"HZ o

to reduce possible collisions with obstacles or walls. tif§ s

and light design of 2@gis achieved with an aluminum alloy. Fig. 4. lllustration of JAROW kinematics

JAROW has three main structural parts: base frame, upper
frame, and connecting rods. The base frame is to support
the superstructure, and is directly connected to three -omriihe lower limbs are modeled as a cylinder with a diameter
directional wheels and equipped with a pair of Hokuyo URGd, representing each shin as illustrated in Fig. 3-(a). Feurth
04LX laser range finders (LRFs) detecting the user's lowedetails on this model can be found in [11]. We define a valid
limb locations. The length of the connecting rod can beegion for the location measurement of shins as a rectangle
changed up to 17%nm according to the height of users.with 900 x 700mm(length and width) inside the base frame.
Users are able to lean their upper body forward and pladeis assumed that the locations of shins always remain withi
their forearm onto the upper frame. The main controller is region.
mounted on top of the upper frame. Each LRF outputs a 240 degree scan and measures up to
The drive-train is composed of three Mecanum wheelgl000mmwith 100 mssampling time. Accordingly, a pair of
three motors equipped with encoder and 43:1 gear reductitiRFs can cover a full 360 degrees. After each scan, the range
unit, three motor drivers, and one motor controller. Threeata from the individual LRF rays are sorted into surface
Mecanum wheels are mounted underneath the base framérmation of shins and obstacles, respectively, acogrdi
120 degrees apart from each other (see Fig. 2), allowing pre-determined regions. The interface system outpats th
JARoOW to move forward/backward, slide sideways, antlRF-to-surface distance that is fed to the main controller.
turn right/left. Such omni-directionality provides an effi . .
cient means of direction control in highly cluttered indooP' Kinematics
environments. The maximum stall torque is determined in As shown in Fig. 2, JAROW has its local coordinatés
such a way that JARoW can accommodate up tokg0 (vertical axis) andy; (horizontal axis). Its center position
It is reported that the average maximum walking speei denoted ag;.. S1 and.S> denote the positions of LRFs.
for elderly pedestrians is 4.8m/h on flat terrain [12]. For a mobile robot with Mecanum wheels, timstantaneous
The maximum continuous torque is determined to meet tHeenter of Rotatior(ICR) corresponds to its centroid during
maximum velocity requirement 6.38n /h of the drive-train. ~ rotation. In contrast, we set the ICR to the center of the user
body defined ay. = (x5, ys) in Fig. 4, the midpoint of
C. Interface System the line segment connecting the center points of two circles
As shown in Fig. 3, a pair of LRFs detects the locations gprojecting both shins onto the ground. By doing this, JARoW
the user’s lower limbs, as well as obstacles or area bordeedfectively avoids being bumped into the user while it regat



@ : position measured by LRF rays
# : mean position of each clustered ray
O : center position of each shin
@P: center position of the body
d/2T ]
O, \
#r
P be d

Fig. 5. Definitions and notations used in the formulation

Now, the first-order kinematics of JARoW can be derivéd.
and ¢; denote the driving angular velocity of theh wheel
and the angular displacement of thth wheel relative tac,-
axis in the user body reference framgandyj, respectively.
Using the tangent formulay; is computed:
Yi — Yb . 1)
T; — Tp

Next, L; which denotes the distance betwegp and each
wheel position(z;, y;) is given by

Li = /(yi — )2 + (2 — )2, )

For the desired JAROW velocity vectdi;, g wp)t, the
angular velocitie#, 65, andf; of individual wheels through
the inverse Jacobian are derived:

@; = tan"1(

6, ] -t 0 Lyicos(Z — 1) Tp
A ™ ¢ 7271' y
9,2 ==|cosg —sing Lacos(F — p2) Yo |
03 "1 cos Z  sin% L3 cos(§ + ¢3) Wh
()

wherer denotes the wheel radius.

I1l. I NTERFACEFUNCTIONS
A. Kalman Filter Based Tracking

words, validated measurements nearest to the prediction
values are used for updating in the next state. The statewvect
X; 1 representing the position and velocity @f or p; with
respect taz; andy; is defined:

(4)
where i denote the left or right side. It is assumed that

each shin moves with constant velocity. By the Kalman filter
model, the state transition fromto k£ + 1 is described:

Xik = [Tik Yik Tik Uikl

Xik+1 = Fi kXt + Wk, %)
whereF; ; is the state transition matrix given by
| Tl

and wy means the system noise which is assumed to
be zero mean Gaussian white noise with covariagge

wi ~ N(0, Q). Additionally, T' indicates the sampling time
interval 100ms. The predicted estimate covariance can be
obtained:

Pik+1ik = Fik Pige Fig + Qk, (7)
where@Qy, is given by
TY/4 T3/2
2
Qk =0, |: Td/2 T2 I (8)
Next, the measurement equation is formalized:
Z; k= Hi 1 X + vk, 9

where the observation relation function matkbt, is given
by

Hi,k:[l O}, (10)
anduvy is the measurement random noise which is assumed
to be zero mean Gaussian white noise with covariaRge
vr ~ N(0, R). Moreover, the noises), and andv;, at k
are all assumed to be mutually independent. The innovation
covariance by the measurement sensor error is given by

Sik = Hix Pigp—1 Hi + Ry, (11)

The Kalman filtering [13] is utilized to measure the
locations of shins accurately against the possibility oflsee ~where Ry is the covariance of the relative state measure-
measurement faults. In practice, the shin locations remainents. Thus, the filtered state estimate and the error covari
uncertain. For example, two legs frequently occlude eacknce are obtained:

other. In order to robustly estimate the shin locatippsand Kokt Pisrik H i Siein
p1, a two layered Kalman filter faw,., p;, andp,,. is proposed. Kigpier = Kok + Kokt Zigr ,

Measurement data for the surface of shins are representedp, ;, ;.1 = P — Kiger Sierr Kl
as red circles in Fig. 5. After each sampling time, they are (12)
divided into left and right clusters, and then the mean powhere K; 11, X; jy1jk41, and P; ;1,41 are a Kalman
sitions of these clusters are calculated. Through prelinyin gain, an updated state estimate, and an updated estimate
tests by 10 people, we empirically learned that the measovariance, respectively.
positions were in the immediate vicinity of the cylinder's Based on the estimated. and p;, the p,. candidate is
surface and the distances from the mean positiop,.t@r defined as the midpoint on the line segment connecting
p; were approximately one-half of its diametérTherefore, these estimates as illustrated in Fig. 5. Specifically, is
pr = (x;,y) andp, = (z,,y,) can be obtained by adding considered to be the body position. The motionpgf is
the mean position td/2. also assumed to be at constant velocity. Then, the filtering
To track the user’s walking movement continuously in thdormulations from (4) to (12) can also be utilized for the
presence of uncertainties, a data association technigile [body matching. When one shin data is not available at any
is employed, matching current shin location candidates ampling time, the interface system can still estimatedue
previous shin locations after each sampling tifeln other to the proposed two-layered Kalman filter.



TABLE |
STATISTICAL ANALYSIS OF THE ESTIMATED d; DISTANCE DATA (m)

[person] A | B | C [ D [ E [ F ]
mean | 178.85| 167.99 | 159.17 | 139.68 | 133.48 | 129.32
SD 18.01 | 1559 | 13.45 | 15.57 9.87 10.64
[person] G | H [ I [ J 1 average] SD |
mean | 167.28 | 176.95| 183.63 | 132.23 || 156.86 | 20.12
SD 16.02 | 11.60 | 18.29 | 13.93 14.30 2.78

(b)

dx
Fig. 6. Definitions and notations of the distanegsand d, betweenp, @ T
andp; in £; andy; directions during moving forward I d
ad, , “ro
. (c)
B. Area Detection @
Based on the distance-to-surface data for obstacles and/o d
area borders, one of the well-known obstacle avoidance y

algorithms, the potential field technique [15], is utilizédt-
cording to the distance data, the potential field is gendrate

0 0 —d 5 (do 2 dmaz) Fig. 7. Definitions and notations used in (a) moving forwd(t, turning
PF(d,)= % (dmin < do < dymaz) >  left, (c) tuming right
(dmzn Z do)
(13) : :
whered,, dpin, andd,., denote the distance fromy, to 2) Rotation motion control:In contrast to the results

the border of an obstacle, a minimum permissible distancBrésented in TABLE |, there appears to be a wide variation
and a maximum influence distance. The generated potenti| ¢ When tumning right/left according to the direction of

field is transmitted to the motion control function. rotation. In Fig. 7., indicates the mean distance between
pr and p; during moving forward/backward, and, , and

IV. MOTION CONTROL FUNCTIONS d,, denote the boundaries of distance variations which

A. Feedback Motion Control are determined by referring the standard deviation of the

The basic idea behind the proposed control is that distances, respectively. Employing these parametergjmeal
behaviors are classified into three patterns:

and pp. must remain coincident with each other. For this,

aProportional-plus-Integral-plus-Derivativ@1D) controller dy oy + dy o > dy (turning left)

is implemented. Based on the PID control technique, prelimi a4, ,, —d, , < d, < dy, + ds.o (moving forward) .
nary tests for walking behaviors of 10 people were performed d, ,, — d, , > d. (turning right)

and analyzed. From these results, typical behavior pattin 1

moving forward/backward and turning right/left are modele Depending on individuals, the moving forward/backward
1) PID controller: Separating the center position errorsbehavior shows different variations if).. For the purpose,
e, ande, of p,. according toz;, and g, directions with the distance boundagy, in the ¢; direction as illustrated in
respect tar; andyj, e, ande, are defined as, = z; —x;,  Fig. 7-(c) is limited to a distance smaller thanx d,, ..
ande, = y; — y» that need to be minimized: Fig. 8 illustrates the concept for the rotation motion
by = Kpu s+ Kiw [endt + Kan és y con'FroI. As the turning right/left beh_avior is dgtectedg th
{ . = K,y eyt Kiy [eydt+ Kayé, (14) motion control outpu_ts a p.re-det.err_nlned_ vglomty matrlx to
Yo pyy 4 Y vy each motor of the drive-train until, is satisfied within the
where i, and g, are input velocities of JARoOW in (3), designed range. As mentioned in (3), JAROW rotates on the
and K, K;, and K; denote the proportional, integral, andaxis of p,. in the direction where any shin is ahead of the
derivative gains, respectively. other with respect ta?; andy; (see Fig. 8-(a)).
Preliminary tests for walking behaviors of 10 people were )
performed for 20 seconds after applying the Kalman filtereB- Obstacle Avoidance
tracking and PID control techniques. We then analyze the When the potential field (13) is utilized, JARoW will stop
distance betweep, andp; in the Z; direction, denoted by as soon as it detects an obstacle/border, which makes users
d, in Fig. 6. TABLE | shows the mean and standard deviatiorery uncomfortable and possibly bump into the upper frame.
of the estimatedi, that does not significantly change. Therefore, the potential field is modified to enable JARoW
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to naturally reduce its speed according to the distances to
obstacles. The overall motion control function is defined
below describing how JARoOW uses the potential field:

{ Four = ap(1— PF(d,))
yout yb(]- - PF(dO))

N N
o o
L !

displacement of JARoW
<]

(16)

o
L

o

This section presents the test results of an enhanced €ontro
capability of JARoW. It moves with the maximum linear Fig. 12.  JARoW displacement according to stride lengths
velocity of 4.8km/h When it makes rotational motion, the
magnitude of the angular velocity is 0/d/s and the
direction of the angular velocity is decided by (15), wherexdapting to the user's behavior using a simple feedback
ds» and d,, are empirically set to 2.78 and 7@&m, control.
respectively. In (13)d,in, andd,,., are pre-determined as To examine JARoW'’s movement accuracy, the moving
500 and 2500nm, respectively. forward and step right/left motion were tested. As a subject

First, to examine the performances of JARoW'’s feedbadiook 100 steps of uniform length of 30n forward, JARoW
motion corresponding to the user’s moving forward behaviofollowed the stride length as closely as possible as shown
individual motion controls only employing P, PI, and PIDin Fig. 10. Figs. 10-(a) and (b) show the results by our
controllers, respectively, were tested for 10 seconds. Thwevious control [11] and feedback control, respectively.
gains of each controller are set 16, , = K, . =2, K;, Compared with Fig. 10-(a), the contour in Fig. 10-(b) became
= Kq44 =0.5, andK; , = K4, =0.2, respectively. In these flattened, and the mean value and standard deviation were
experiments, the user started walking at 2 seconds and st@f26 and 1.66cm, respectively. Similarly, in Fig. 11,
around 9 seconds. Fig. 9 presents the comparison results 3RoW followed the user’s step right and left motions for
ey andy, in they; direction. Here, the blue dotted line, greenrd0 steps of uniform length of 26m. These results show
dash-dotted line, and black solid line indicate the resmits  that JARoW could generate the moving forward and step
P, PI, and PID control, respectively. The P-only controlleright/left motions corresponding to actual user stridegtbs
could not pick up the user velocities exceeding 300:/s.  and stride rates. The moving forward behavior was re-tested
When the PI controller was employed, an overshoot arisegth varying the stride length in the following order: 15,,10
as the user velocities change. The PID controller showed e25, 30, and 2@&m. The statistical analysis results from 100
cellent performance within about 1@@merrors. The results trials are presented in Fig. 12. The variation appeared most
demonstrate that JARoW could control its forward motiorsignificant for the 1G:m stride, but the strides exceeding 20
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Fig. 14. Forward movement of JARoW around a corner

VI. CONCLUSIONS

This paper presented an enhanced control method for
JAROW that is easy to handle and transport. First, we
proposed a natural user interface without requiring any use
operations, through the use of a pair of LRFs. Secondly,
the Kalman filter based user’s lower limb location tracking
scheme was developed to plan the motions of JARoOW
according to the user walking motions. Thirdly, the feedbac
control adjusted the motions of JARoW corresponding to the
actual user walking behaviors. Fourthly, an obstacle avoid
ance scheme was implemented to achieve safe navigation in
indoor environments. To demonstrate the effectivenesiseof t
proposed control functions, different types of experirsent
were performed and the results were quite encouraging.
As our future study, considering elderly people with poor
posture who tend to lean their upper body onto the upper
frame, a more sophisticated controller will be developed to
cope with unpredictable changes in the JARoW dynamics.
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