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ABSTRA CT

In this pap er w e discuss the design and exp erimen-

tal results for a p ortable cen timeter-accurate JA V A

based na vigation/mapping system for land-mine clear-

ing rob ots. A small computer con trollable skid-steer

land-mine clearing 
ail rob ot serv ed as the host v ehi-

cle for this researc h. T o pro vide v ehicle p osition feed-

bac k, w e attac hed a p ortable electronics b o x con tain-

ing a real time kinetic GPS receiv er and an inertial

heading sensor whic h output data at 1Hz and 10Hz

resp ectiv ely . All of the computing is done via a lap-

top computer whic h uses Kalman �ltering to com bine

inertial heading and GPS data with a mo del of the

v ehicle kinematics. Semi-autonomous mine�eld na vi-

gation is ac hiev ed using PID con trol and pure pursuit

of a series of parallel trac ks. The unique con tributions

of this w ork are the ac hiev ed v ehicle autonom y and

real-time adaptiv e sizing and plotting of the e�ectiv e

demining 
ail area based on the accuracy of the v e-

hicle p ose estimate.

1. INTR ODUCTION

Millions of unexplo ded 5-10 cm diameter an ti-p ersonnel

land-mines litter the glob e and necessitate accurate

land-mine clearing and task recording. P ap ers suc h as

F arrell [1], Elk aim [2] and Cordesses[3] ha v e addressed

farm v ehicle and automotiv e lane follo wing with real

time kinetic GPS alone and in conjunction with iner-

tial sensors. Ho w ev er, to the author's kno wledge the

land-mine clearing comm unit y has not exp erimen ted

with these high-precision cen timeter accurate sensors.

Land-mine clearing rob ots are t ypically tele-op erated

requiring constan t remote driving and monitoring b y

the op erator. These v ehicles t ypically driv e at sp eeds

of 0.25 to 1.0 miles p er hour making the mine clear-

ing task a monotonous y et demanding job. Figure 1

sho ws the T o o ele Arm y Dep ot's landmine clear rob ot

whic h w as used for the exp erimen ts in this pap er.

This w ork w as supp orted b y US Arm y NVL and T o o ele

Arm y Dep ot

Figure 1: T o o ele Arm y Dep ot Landmine Clearing

Mini-Flail Rob ot

T o impro v e op erator conditions and to record the

land-mine clearing progress, w e ha v e designed a JA V A

based pac k age whic h runs on a laptop computer and

pro vides for semi-autonomous op eration and land-

mine clearing progress recording. Belo w w e rep ort on

the �rst exp erimen tal results concerning this system.

2. SEMI-A UTONOMOUS NA VIGA TION

T o na vigate in a semi-autonomous mo de, the v ehicle

m ust ha v e a p osition goal and kno w its curren t lo ca-

tion and heading. Th us this section is b e divided in

t w o parts: v ehicle state estimation and goal follo wing.

It is w ell kno wn that, for linear dynamical sys-

tems, the optimal v ehicle state estimate is computed

using a Kalman �lter. This �lter pro duces a state

estimate from partial noisy observ ations of the dy-

namical systems of the follo wing form:
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The computation of the na vigation Kalman �lter

b egins with deriving the v ehicle kinematic mo del. Us-

ing a rigid b o dy and assuming that the left and righ t

sides of the v ehicle are mo ving at v elo cities v el
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Skid steer v ehicles turn b y mo ving in circular arcs.

During these turns, the turn cen ter lies on a line

through the v ehicle cen ter p erp endicular to the v e-

hicle heading. The heading of the v ector from the

v ehicle cen ter to the turn cen ter, �

tc

, is th us either

� = 2 or 3 � = 2 plus the curren t v ehicle heading, �

n

, de-

p ending on the turn.
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) is the curren t v ehicle p osition.

T o compute the v ehicle's p osition after a turn, w e

calculate ho w m uc h the v ector from the turn cen ter to

the v ehicle has rotated. If w e let the c hange in head-

ing during the turn b e d� = _� dt ,then the up dated

v ehicle p osition can b e written as
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Or after simplifying, the state estimate equations can
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F or small con trol signal v elo cities v el

l

and v el

r

,

this system could b e linearized to �t the form of equa-

tion (1) with A

n

= I and B

n

equal to a state dep en-

den t 3X3 matrix. Ho w ev er since only the com bination

B

n

u app ears in the Kalman �lter equations this sep-

aration in not necessary and w e con tin ue to use the

nonlinear con trol inputs.

The Kalman �lter equations tak e the form

Time up date equations:
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where P

n

is the state estimation error estimate and

K

n

is the Kalman gain matrix.

The data stream a v ailable for v ehicle state esti-

mation is heading at 10 Hz and GPS �xes at 1 Hz.

T o initialize the state, the v ehicle m ust b egin b y tra v-

eling in a straigh t line where pairs of GPS �xes are

recorded and used to estimate the heading. When the

rms heading error in a history of these heading is less

than a threshold (1.5 degrees w orks w ell), w e use the

mean heading within this history as the initial head-

ing. Then delta headings from the inertial na vigation

system (INS) are used to up date the heading. The

drift rate of the INS unit is appro ximately 1.8 micro-

rad/0.1 sec and the GPS unit rep orts its error whic h

is usually in the 2cm range. T o remo v e accum ulat-

ing errors the system reinitializes its heading when

the error reac hes a threshold. Except for these ini-

tializations instan ts, the p osition and heading mea-

suremen ts are indep enden t. Th us the measuremen t

error matrix R

n

is diagonal. The mo del error co v ari-

ance matrix Q

n

is estimated from the v ehicle sp eed

and the time step with faster sp eeds and longer time

steps leading to larger errors. The observ ation matrix

H

n

v aries with time since either p osition and heading

are receiv ed separately . The unobserv ed quan tit y is



assumed to b e zero with a h uge v ariance. This in-

formation is su�cien t to obtain optimal v ehicle state

estimates.

Pure pursuit of a Zam b oni lik e goal pattern is

ac hiev e with PID con trol. The Zam b oni pattern is

established b y tele-op erating the v ehicle to three cor-

ners of the mine�eld and recording these p ositions.

Then using a prede�ned fraction of the v ehicle width

a series of parallel goal lines are dra wn co v ering the

rectangular mine�eld. A carrot is placed at the b e-

ginning of one of these lines on the b oundary of the

mine�eld and the v ehicle follo ws the carrot using PID

con trol on the error b et w een the goal line heading and

the heading of a v ector from the v ehicle to the carrot.

As the v ehicle approac hes to within a threshold dis-

tance, the carrots b egins to matc h the v ehicle sp eed.

When the carrot reac hes the end of the goal line it

tra v erses an arc h to the middle goal line. This line

bisects the mine�eld. When the v ehicle has tra v ersed

this line, it follo ws a similar semi-circular arc to the

goal line parallel and next to the �rst line. This pro-

duces a drifting o v al pattern whic h w e call the Zam-

b oni pattern. Ev en tually , this o v al drifts o v er the

en tire mine�eld.

3. AD APTIVE FLAIL SIZE

As the v ehicle follo ws the Zam b oni pattern sho wn

in Figure 2, a t w o-dimensional statistical mo del is

used to determine the area co v ered b y the 
ail of the

demining v ehicle to a sp eci�ed con�dence lev el for a

giv en estimated v ehicle state [4].

Figure 2: JA V A Soft w are Generated Zam b oni Goal

Route

Real-time use of the statistical mo del is unrealis-

tic b ecause of the computation time needed to obtain

results. Therefore, results for v arious c hosen error

states are computed and stored when the v ehicle di-

mensions are en tered b y the user b efore a demining

task. These results are then cac hed and used to dis-

pla y the area co v ered b y the 
ail to the user sp eci�ed

con�dence lev el in real-time. The shap e of this area

c hanges as the v ehicle state errors generated b y the

Kalman �lter c hange. A larger uncertain t y in the v e-

hicle state will result in a smaller area b eing sho wn as

co v ered b y the 
ail to the sp eci�ed con�dence lev el as

sho wn in Figure 3. The cac hed shap e c hosen is that

whic h w as generated with the smallest p osition and

heading error estimates where the error estimates are

still greater than or equal to those receiv ed from the

Kalman �lter.
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Figure 3: Adaptiv e Flail Sizes for Di�eren t Con�-

dence V alues

4. EXPERIMENT AL RESUL TS

Preliminary results w ere obtained at Hum b oldt State

Univ ersit y where w e in tegrated a GPS only v ersion

of our system on to a hand cart that could go on our

astro-turf fo otball �eld. W e established a "mine�eld"

b oundary whic h included the 50 y ard-line and pulled

the cart along this line. Heading w as obtained from

GPS �xes separated b y appro ximately the 
ail width

whic h w as ab out 0.5 meters. W e obtained rms head-

ing to within 1 degree and p osition to within an inc h.

Our full INS/GPS system w as in tegrated on to the

T o o ele Arm y Dep ot Mini-Flail. This v ehicle is a

small skid steer tractor with tele-op erational capa-

bilities. W e attac hed our INS/GPS pac k age and ob-

tained wheel enco der/timing information from the

on-b oard computer. W e then used this data to es-

timate the left and righ t v ehicle v elo cities. T o obtain



ground truth appro ximately 30 3ft squares w ere tap ed

5ft on cen ter along a straigh t line do wn the middle of

a road as sho wn in Figure 4. A video camera w as

moun ted ab o v e the cen ter of the 
ail lo oking do wn-

w ard and our con trol algorithm attempted to k eep

the cen ter of the 
ail on the line. Ho w ev er, w e ob-

serv ed an 18 inc h side to side stable oscillation ab out

the line and PID tuning had no e�ect on reducing this

oscillation. Finally , it w as disco v ered that the v ehi-

cle had a con trol threshold and w ould not resp ond to

small con trol signals. As w e w alk ed along side of the

v ehicle, observing a monitor, w e could see that indeed

w e w ere sending steering commands whic h w ere not

b eing listened to un til they w ere of a su�cien t mag-

nitude. This dela y w as the cause of the oscillation

and w e feel that when the v ehicle con troller is �xed,

the v ehicle will trac k the line as w ell as our hand cart

univ ersit y based tests.

Figure 4: Exp erimen tal Area

An additional test w as conducted of the abilit y of

the the mine clearing v ehicle to co v er rectangular ar-

eas in semi-autonomous mo de with and without GPS

data. The Zam b oni goal pattern men tioned ab o v e al-

lo ws the mine clearing v ehicle to autonomously turn

around and co v er rectangular mine �elds as w e demon-

strated in Decem b er 2003. Ho w ev er, these tests w ere

conducted with GPS alone.

During the curren t INS/GPS test w e studied the

in teraction of the GPS with the INS system. T o in-

v estigate this in teraction, the Kalman �lter state es-

timate w as tested b y disconnecting the GPS an tenna

so that the v ehicle only receiv ed INS data. Under

these conditions, the v ehicle w as able to negotiate

turns without GPS data using only the �ltered state

estimate from INS data and kinematic mo del. While

p erio dically connecting and disconnecting the GPS

an tenna, the v ehicle w as able to complete an en tire

pass o v er the mine�eld without op erator in terv en tion.

5. CONCLUSION

W e ha v e dev elop ed a JA V A based add-on system for

land-mine clearing rob ots that records land-mine clear-

ing progress to a preselected lev el of accuracy and

pro vides semi-autonomous na vigation. This system

is based on real-time-kinetic GPS and inertial na vi-

gation data and can op erate without GPS data for

short p erio ds of time.
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