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RGO IS THE EXPERIMENTAL
autonomous vehicle developed at the Depart-
ment of Information Engineering of the Uni-
versity of Parma, Italy. It is a passenger car
with a vision-based system for extracting
road and environmental information fro
the acquired images, using different output
devices to test the automatic features. ARGO
integrates the main results of our last few
years’ research on algorithms and architec-
tures for vision-based automatic road vehiried out the MilleMiglia in Automatico tour
cle guidance. (Its name is based on the nanae2,000-km journey from 1 to 6 June 199
of the ship of the mythical Greek hero Jasoithe tour demonstrated GOLD’s robustne
and on Argus, the many-eyed Greek god)) in different terrain, weather, and traffic co

Thanks to ARGO'’s availability, we've ditions, and helped to detect situations
developed, tested, and tuned several diffewhich the system has problems, with the g
ent approaches to autonomous navigatiof enhancing its abilities.
particularly for obstacle and lane detection.

We've integrated the most promising ap-

proaches into the GOLD (Generic ObstaclARGO’s systems

and Lane Detection) systelwhich acts as
ARGO’s automatic driver. GOLD's primar Figure 1 shows ARGO and its equipme
task is road following. It uses stereo visiorwhich consists of the data-acquisition, p
to detect and localize obstacles on the rogadessing, and output systems.

and processes a single monocular image to

extract the road geometry in front of the vehibData acquisition.ARGO uses only passiv
cle. This article focuses on lane detection; weensors (cameras and a speedometer
describe obstacle detection elsewHere. | sense the surrounding environment, beca

To extensively test ARGO and GOLD they offer noninvasive data acquisition—th
under different traffic situations, road envi-is, without altering the environment. (F¢
ronments, and weather conditions, we cabackground on vision-based sensing g

OBSTACLES AND LANE

ROADS

THE ARGO CAR INCORPORATES A SYSTEM THAT DETECTS

AUTONOMOUSLY STEERS THE VEHICLE. |T DROVE
AUTONOMOUSLY FOR APPROXIMATELY 2,000 KM ON PUBLIC

MARKINGS IN REAL TIME AND

IN REAL TRAFFIC CONDITIONS.

vehicle guidance, see the related sidebar
8page 61).
S
n-The vision syster@ne of the project’s aims
is to develop a system inexpensive enough
inrase its integration into a large number @
vehicles. So, the use of low-cost acquisitio
devices was a clear starting point. ARGO’
stereoscopic vision system consists of tw
small (3.2x 3.2 cm), low-cost ($100 each)
cameras that can acquire pairs of gray-sca
ntimages. They feature a 6.0-mm focal lengt
oand 360-line resolution, and can be synchrc
nized by an external signal.
The cameras are inside the car at the tc
e corners of the windshield, so that the longi

uddne optical axes are parallel. To handle no
aflat roads, the cameras capture part of th
rscene over the horizon. However, the framin
ndf a portion of the sky might adversely affec

) ttadinal distance between them is maximal.
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Figure 1. ARGQ’s equipment: (a) internal ; (h) external.

the imaye’s bightness. Br example in the

case of high conast, the sensor migh
acquie oversaurated images.We'll descibe

later haw we're dealing with this.

To acquie imaes, GOLD uses a PC
Matrox boad, which can gab three 768x
576-pixel images sinultaneous}; we use
only two of the ima@es. It diectly stores the
images into the host computsimain mem
ory, thanks to a DMA (diect-memoy-
access) dece. Acquisition can occur ireal
time, at 25 Hz Dr full frames or 50 Hzdr
single-feld acquisition.

System calilation. Because the pressing
is based on steo visioncamea calibgtion
is key to the pproad’s succesdVe painted
a gid with a knavn siz on the gound and
we c@tured two steeo imaes and used
them fr the calibation. Thanks to an X-
Window-based gaphical interfice the user
selects the intsections of the rgd lines,
using a mouséd hese intesections epresent
a small set of points mose vorld coodi-
nates ae knowvn to the system; the syste
uses this maping to compute the calidr
tion paametes.

mtem orARGO based on a stand#200-MHz

ProcessingVision-based &hide guidance
has two architecturl solutions:special-
pumpose or standdrmprocessing systems.

Special-pupose systems tdér ad hoc
design of the mrcessing padigm and the
overall system ahitectue. However, they
demand complete magement of the pmj-
ect,from the hadware level (design of the
ASICs—aplication-specifc integrated cir
cuits),to the achitectue designto the po-
gramming languge and optimizing compile
designsto the deelopment of pplicaions
using the spedif computéional paadigm.

Although standat processing systems
suffer from a less spedtfinstruction set and
an achitectue less aented to ehide guid
ance they exploit standad development
tools and ewironments. Hwoever, the fast
technical impovements tend tceduce the
systems lifetimeg while the costs of system
design andaengneeing are justiied only
for high-wolume poduction.

After consideing these adantages and
disadriantages,we dhose an ahitectual sys

MMX Pentium pocessar

Intel processas thd adds instuctions,reg-
isters, and daa types speditally for multi-
media déa processing More precisey, it
boosts pocessor pedrmance iy exploiting
a SIMD (single-instuction, multiple-daa)
tedhnique It suppots nev geneal-pupose
instructions br perbrming aithmetic and
logical opertions on nultiple dga elements
padked into 64-bit quantitieg.hese instic-
tions accelate the perdrmance of pplica
tions based on compuianally intensve
algorithms tha perform localizd recuring
opegtions on small n@ve dda. More speci
ically, in the pocessing of gy-scale imges,
daa is epresented in 8-bit quantities. Sm
MMX instruction can opete on eight pix
els simultaneousy.

Output. A set of output daces onARGO
feeds the mrcessing results to the passen
gers.An acoustical ddce wams the diver

if the system has detected darayis condi
tions—for example when the distance to the
leading ehide is under a saty thieshold or
when the ehide’s position in the lane is not
sak. The system also supplies visuaet

MMX technolagy is an enhancement of bad to the diver by displaying the esults
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Figure 2. Applying inverse perspective mapping to a road environment: (a) 3D representation of the environment; (b) the acquired image; (c) the remapped image.

on an onboamonitor and on an LED-base
contol panel. The monitor pesents the
acquied left imaye with makers highlight

ing the lane m&ings and the position of
eventual obstdes. The LEDs encode the geometical transbrm calledinverse per

vehide’s ofset with espect to thenad’s cen

terline. Moreover, an actutor on the steer
ing wheel povides autonomous steéeg; we

haven't integrated autom#c throttle and
brake contol yet.

Driving modes.Thanks to the conti panel,
the diver can adjust thealues of arious di-
ving paametes and select the systesrdii-
ving mode:

Manual. The system monitsrthe diver’s
activity; in potentialy dangerous situa
tions it wams the dver with acoustic and
optical signals.

Supevised In dangerous situéions,the
system conwls the ehide to kee it
sak.

Automadic. The system dves autome-
cally, following the lane and localizing
obstates on the pi; it can bang lanes.

GOLD

GOLD is basicalf an automtc lateral-
control systemjn which lane and obstée
detection povide the necessamput for the
automaic steeing. (For badkground on lane
detectionsee theelated siddéar on pge 62.)

Vision-based lane-making detection.The
angle of viev under vhich a scene is acqen
and the distance of the objecisrfrthe cam
era (namey, the pespectie efect) contibute
to associte a diferent information content

dtion contentThis differentiged pocessing

males the use of SIMD mames suh as

MMX-based computera knotty poblem.
To cope with this situ#&on, we've used a

specti’e mgping? IPM lets us emove the
perspectve efect from the acquid image,
remgping it into a ne 2D domain (the
remaped domaijtha homaeneous) dis-
tributes the inbrmation among all the pix
els. This allows eficient piocessing on 3
SIMD computerAssuming thewad in flont
of the vision system is kmm, IPM lets us
obtain a bid’'s-eye view of the scene (se
Figure 2).

Lane detectionglies on the basic assum
tion tha, after the IPM tansbrm, quast

vettical constant width lines (wich ae bighter

than their suounding egion) represent oad
marikings. Fgure 3 shavs the lane-detection
stgos for the imae shovn in Hgure 2.

So, the first phase of lane detection is
based on the sedrfor dak-bright-dak hor
izontal patems of a gven si2. The result
encodes the hmontal bightness @nsitions
and the pesence of lane mlangs. Different
illumination conditionssud as shades or
sunry blobs,cause oad makings to assume
different bightness alues. Een sothe pix
els coresponding to the lane nkamgs main
tain a bightness wlue higher than thaf

e their hoizontal neighbas. Taking adantage

of the lane maings’vertical corelaion, the

p system enhances thissult (see igure 3a)

through a éw iterations ofgeodesic mor
pholagical dilation.?

to ead pixel of an im@e. Image piocessing  Figure 3. Lane-detection steps: () enhanced image; (b) binarized image; (c) concatenation of pixels; (d) segmentation
must tale the pespective efect into account and construction of polylines; () identification of the center of the lane; (f) superimposition of the previous result onto
a brighter version of the original image for displaying purposes only.

to weigh eab pixel accoding to its inbrma-

JANUARY/FEBRUARY 1999

57




Figure 4. A map of the MilleMiglia in Automatico tour.

Table 1. The stages of the MilleMiglia in Automatico tour.

Distance
Stace DaTE Tive Lec (km) TERRAIN CoMMENTS
1 1June 9:00-12:00 Parma-Turin 245  Mainly flat
2 2June 9:00-11:00 Turin—Milan—Pavia 175 Flat Took the Milan bypass
3 16:00-20:00 Pavia—Milan—Ferrara 340 Flat Took the Milan bypass
4 3June 12:00-15:30 Ferrara-Bologna—Ancona 260 Flat until Rimini, ~ Took the Bologna bypass

4 June 8:30-13:00
5June 9:00-12:30
6 June 8:30-12:00

Ancona—Pescara-Rome
Rome-Florence
Florence-Bologna—Parma

Different illuminaion conditions and the

noruniformity of painted oad signs neces
sitate an adgtive thieshold tha works on a
3 x 3-pixel neighborhood (seeidure 3b).
The result is thinned (seeidgure 3c) and
scannedaw by row to kuild chains of non
zero pixels (see Fure 3d).

Through an itestive processthe system
approximates eah chain with a pojline
made of one or mersgmentsTo get lid of
possilte ocdusions or emors causedynoise
more poylines ae joined into longr ones if
they sdisfy some dteria sud as a small dis
tance betwen the neast etrema and sim
ilar orientaion. When moe solutions &
possilhe, the system consideall of them.

The system selects the plihe tha best
approximates the esults of the mviously
processed inmge; this phase uses no speci
model. Initially, the \ehide is assumed to b
in a specit position on theaoad (the lane’
center), which is assumed to be almo
straight. In this situion, the centdine in the
remgped imae is a staight \ettical line tha
we &pect to ind in a cicumscibed aea of
the emaped imge. Computed pglines ae
matched aainst this modelyusing sgeral
parametes (with specit weightd) sud as
distanceparallelism,orientdion, and length.
The poyline tha best its these pammetes
is selected (seeigure 3e). It is used ta
detemine a ne/ road model thieendles the

system to @k the pad in im@e sequences

and to vork on nonstaight oads.

The model assumedifthe ettemal ervi-
ronment (alit road) lets us detarine the
spadial relationship betveen imae pixels
and the 3D wrld.2 So,from the peviously
processed imge, we can deive both the
road gcomety and the ehide’s lane posi
tion.

Automatic steeting. GOLD uses the pr
cessingesults (the position of obstas and
the mad gomety) to diive the steeng-

then hilly

crossing the
Appennine region
toward Ancona
Hilly until Rome
Flat and hilly
Mountainous
crossing the
Appennine region as
far as Bologna, then
flat until Parma

365
280
195

Took the Rome bypass

wheel actutor. The system combines its eu
puts (sub asARGO'’s laeral offset,its yaw
reldive to the centdéine, and the upcoming
road cuvature) to detemine the lanes cen
ter & a gven distance ahead ARGO (cor
responding to 1.5 secondEhe system tuns
the steeing wheel to guidéARGO tavard
that point.

GOLD'’s fast pocessingate (thd is, the
video rte—25 Hz) allevs smooth ehide
contol.

The MilleMiglia in Automatico
f tour

a)

The tour consisted of gen stges,eah
stapproximately 250 km. kgure 4 andlable 1
outline the tourwhich we bioadcasted\er
the Intenet (see théLive boadcasting
sidebar). Duing the tour ARGO diove
autonomousl/ (see kgure 5) along the Ital
ian highway network, passing though
flat areas and hill regions induding via
ductsand tunnelsThe Italian pad netwark
is paticulady suited or

t acquisition and mrcessingdr automéc dri-

ving, the system lgged the most sigridant
data,sud as speedteemg-wheel position,
lane danges, and user intarentions and
commands. It also dumped its eatstdus
(images induded) when it couldrt reliably
detect thegad lane

We piocessed this da ofline after the
tour to compute thewerall system pedr-
mancesud as the peentaye of automtc
driving, and to anajze unepected situa
tions. In paticular, for eat stage of the tour
we computedRGO’s average and maxi
mum speedHeavy traffic conditions (espe
cially onTurin’s and Milans bypasses) and
toll staions, junctions, and oad works,
strongly influenced theserage speedThe
possibility of eprocessing the same iges,
stating from a gven system stas, lets us
examine the conditions inhich a fault was
detectedto solw it. At the end of the toyr
the system Ig contained ma than 1,200
Mbytes of ew dda.

The anaysis of the dea collected dung
the tour alleved the computé&on of a um-

sud an &tensie test be
cause it has quiity vary-
ing road scenaos thd
include dangng weaher
conditions and aenerlly
high amount of tffic. The
tour took place on high
ways and feevays,but the
system also wrked on suf
ficiently structured wral
roads with no intesections.

Performance dda. Dur-
ing the jouney, besides
the nomal tasks of d@

Figure 5. Automatic driving during the MilleMiglia in Automatico tour.
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Table 2. System performance during the tour.

AUTOMATIC MAX. DISTANCE

AVG. SPEED MAax. SPEED DRIVING IN AUTOMATIC
STAGE (kPH) (kPH) (%) (km)
1 86.6 109 93.3 234
2 80.2 95 85.1 42.2
3 89.8 115 86.4 54.3
4 89.8 111 91.1 15.1
5 88.4 108 91.1 20.8
6 875 110 95.4 30.6
7 89.0 123 95.1 25.9

ber of staistics regarding system pedft-
mance (se&able 2).

The automtc driving pecentaye and the
maxinmum distance autortieally driven shav
high values despite mgutunnels (paiculady
during theAppenninesoutesAncona—Rome
and Floence—Bolgna),several stetches of
road with &sent or wrn lane makings
(Ferara—Ancona anéncona—Rome)and
stretches with no lane maings 4 all (Flo-
rence—Bolgna). (Enteng and &iting tun-
nels can cause sden,extreme hiangs in
illumination, which can be a phblem.) Some
stages induded passing tlough toll stéions
and diving in bypasses with hes traffic and
frequent queuegjuring which we had to
switch off the system.

Figure 6 shavs the systens’behaior dur

ing one hour of the towgthird stage. Arst, at
the top,the igure shavs the diving mode
During this peiod, the system as alvays in
automaic mode except in four situdions:

A: ARGO passed tlough two tunnels
(neaVicenza).

B: At the end of anwertaking maneusr,
the system did notecagynize the lane
maikings because of an dasion.

C and D:ARGO passed ter working
areas with no lane mhkings.

(In Figure 6,situdion E was a junction with
a ramp,which we’'ll discuss in the né sec
tion.) In the frst two casesthe system
switched bak to mamal diving automé&-
cally and wvamed the dwer; in the other tey

Automatic A B

driving
Manual

driving

System idle

Left lane

Right lane

right line (m)

W RRG

Distance from

Steering-
wheel
angle
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(POgrey o Y Y
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|
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Figure 6. The system’s behavior during one hour of automatic driving.

Live broadcasting

During the tourthanks to the sponsor
ship of theTelecom Italia Mobile cellular
phone compantheARGO \ehide broad
casted aVie video steam on the Inteet:
Two GSM (@lobal system br mobile com
municaions) cellular modems connected to
theVision Laboratory at the Unversity of
Pama’s Dgpattment of Inbrmétion Eng-
neeing transemred up-to-dée navs on the
tour’s piogress and camalimages of
ARGO's interor (see fkgureA).

The setup of a peranent dea link from a
moving plaform implies the use of mobile
telecomnunicaions facilities,sud as GSM
modemsThe use of GSM modemerflive
video steaming brces tvo constaints:a
low transmissionate (usualy 9,600 bps)
and high bandidth variability during
movements.

To increase the links thoughputwe
installed tvo modems—and thefore two
channels—thework simultaneousf on
ARGO. The tansmission hakvare consists
of a PC unning Lirux with two seral poits
and a color camarconnected to the el
port. The netverk traffic is split acoss the
two seral channelsthanks to the EQL
(EQualizr Load-balancer) ptocol,which
can split the netark traffic acioss nultiple
links. Moreover, we designed the comumi-
cation software to d/namically adat the
network traffic to the thoughput.

The tour @neeted high inteest with the
scientifc community, mass mediaand
geneerl public. TheWeb site eceved moe
than 350,000 contacts diuy the tourMore
than 3,000 Migtes of inbrmation were
transemred with a peak of 16,000 contacts
per hour dung the tours first day.

Figure A. The internal camera framing ARGO’s
interior. A GSM antenna is in the background.
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(d)

(d)

Figure 7. Images dumped in the anomalous situations A, B, C, and D in Figure 6.

casesthe system was svitched of marually.
For these dur situdions,the other inbrma-
tion in Fgure 6 is useles®f anayzing sys
tem perbrmance FHgure 7 shavs the imges
dumped on disk in these occasions.

Second Figure 6 shavs ARGO'’s lane
position. ARGO made a mmber of lane
changes,moving from the ight lane to the
cental lane and viceersa (it was on a thee-
lane highvay).

Third, the fgure shavs the distance
between theight wheel and theight lane
maikings (in centimetes). It is possile to
detect a lanelange from the \ariation of the
distanceWhen the ehide reated the mid
dle of the nw lang the system Idced onto
the nev lang and the distancetuned to the
nominal\alue The selectedalue of the dis
tance is 80 cm.

Fourth, it shavs the steéng-wheel angle

tha the system autortiaally chose This

Figure 8. Image saturation caused by high contrast: (a) an exit from a tunnel; (b) a

long bridge; (c) a short bridge; (d) two different asphalt patches and a strong reflection

on the windshield.

angle is popottional to the distance sha
by the pevious gaph, with the ony excep-
tion of the peaks causeg lane hangs.
Finally, it shavs the ehide’s speedThe
low speeds in situeons C and E & due
respectiely to road works and diving
through a junction (theetated stee@ng-wheel
movement is also visib in the fgure).

Performance anaysis. Now let’'s look &
how the vision systenthe contol system,
the user intedce and the ewronmental
conditions afected system pesfmance

The vision systemilthough the system ha
high sensitiity even in law light (a night,for
example),high contast or a quik change in
a scenes illumingion degrades the imge
quality (for ecample when enteng or leaing
atunnel). In paicular, the cameas’slowv aute

maic gain contol (designeddr goplicaions

chamacteized ty constant illumingon, suc
as videotelphory) was a poblem. Duing
tunnel «its, the @in contol caused the
acquied images to be completglsgurated
and impossile to anayze for an inteval of
100 to 200 msThis pioblem also hppened
when the ehide crossed an a&a tha con
tained p&ches of ne (black) and old (light
gray or even white) asphalt. igure 8 shavs
examples of high-contist situtions.We ae
consideing several solutions to this blem,
which we'll discuss in our cornasion.

The piocessing systetARGO'’s piocessing

s systema commetial PC with a 200-MHz

Pentium pocessor and 32 Mites of mem
ory, proved to be paerful enoughdr aute
matic driving. Using this systenenhanced
by the video fame gabber, GOLD processes
up to 25 pais of steeo frames per second
and povides the conul signals ér au
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tonomous stearg every 40 ms.
(This is equialent to oneefine-

ment on the steirg wheel posi

tion for every meter when the
vehide diives @100 kph.)

Figure 9. A vehicle occludes the visibility of the right lane marking near an exit, causing
the system to request user intervention.

The visual pocessingDuring the
tour, the system cessedlaout
1.5 million images (eah 768x 288 pixels),
totaling proximately 330 Glytes of input
daa. The esolution of the camas vas s&

isfactory, and the faming of the scene (np tances ver 50 metes.

horizon to educe sting light conditions and
direct sunlight) was corect for the type of
roads ve encountexd (sloping gntly).

The IPM gproad proved to be dective
for the whole tip. Even if on Italian high
ways the fat-road assumption éguired by
the IPM tiansbrm) is not alvays \alid, the
approximation of the pad suréce with a pla
nar surbce vas accptable. Actually, the
vision systens calibation should eflect the
modifications of oad slope ahead of th
vehide; a wiong calibetion genegtes a l&
eral offset in the comput#n of the \ehide’s
trajectoy. Neverthelesspecause the high
way lanesWwidth is suficiently large, this of -
set has neer caused sius poblems. Hav-
ever, we ae enhancing the IPMansbrm to
eliminae the fat-road assumption and t
handle gneic roads?

The IPM tansbrm’s only drawbad is tha
vehide movement (pith and oll) does not
allow reliable detection of obstées d dis-

Because the system kxonto theight
lane making duiing navigation, the \ehides
in front do not oclude its visibility This
choice however, is ciitical duiing the com
plex situaion of highway exits, where two
lines eist—a contimious line ér the &it and
a dashed linedk the laneBecause GOLD
cannot autontacally choose vinether to sta
on the highway or to «it, the systemeaquests
user intevention.After the user interenes

eby pressing a btton, the system quidy
resumes autonomousvng. (This explains
why the pecentaye of automéc driving was
high even when the maximm contiruous
distance dwen in automtic was not thefar.)
This gproac is olviously simpler than
approades based on a fusion ofamfation

o coming fiom the detection of both left an
right lane makings.We ae developing an

extension to handle both niar
ings,to quantitéively compae
the two gpproades.

Figure 9 shas an it situa
tion in which the system stéred
amajor ault:a vehide ocduded
the visibility of the rght lane
marking near a highay exit.
Because the oylvisible lane making was
the contious line epresenting thexet, the
system dllowed thaline, therefore requiing
user intevention.

Another seious poblem hgpened in a
stretch of road just after the cohgsion of
road works. Lines painted to delimit the
diversion were still on the pgement. Sathe
vehide followed those lines.

The contol systemWe developed the con
trol system to be simpleRegarding the
medanical pat;, an electic stepping motor
allows steeing-wheel otation with high es
olution and educed paver consumptiornthe
simplicity of the laical pat of the contol
system keps the entie systemabust. The
system uses oyla tempoal average and a
simple meas@wment to compute the steer
ing-wheel angles.

For speedseaading gproximately 90 to

d 95 kph,the system does not penfn notice

ably different than a humaniager. For higher

The promise and problems of vision-based

Third, contrary to indoor @plicaions where mbots mee in con

vehicle guidance

Vision is one of manways of sensing the swwunding emironment.
Radio,acousticand tactile senssi(sut as adar lases, sonarand
bumpes) can also be usgholit passie sensa@ sut as camers can
offer pominent adantayes aver other kinds of sensarOne adantaye
is nonirvasive daa acquisitionyvhich does not alter the einonment.

trolled ewvironmentsijn the automotie field no assumptions can be
made &out key paiametes thd are directly measued by the vision
sensarlmportant ekamples of sut paametes ae the illumindion or
the contast of the scené&o,the subsequent pcessing rast be obust
enough to tolete changes to these pametes and to adat them to dif
ferent mad conditionssud as sun (high ghtness and corést caused
by shadavs), rain (extremel high contast causedybreflections),and

In situdions involving massie, widespead use of autonomous sensingfog (low contrast). The pocessing mst also adat to d/namic hianges

agents,sud as wnen mag vehides ae moving sinultaneoust in a
road emironmentpassie sens@ ae considesbly preferable to inva-
sive sensa, which could cause unaggtble ervironmental pollution.

Vision-based autontia vehide guidance in outdoor gimonments
faces thee ley problems:

First,unlike in indoor settingghe sensing in outdoor enonments
should notely on ad hoc strctured information. This is paticulady
true in the automote field, where vehides can mee along oads with
different dhamcterstics,and the intgration of speciic road inflastuc-
tures would be &tremel/ expensve and pohibitive. An automac
vehide should be fale to naigate using standdrroad signsyithout
requiting further adlitional infrastuctures.

Secondautomadic vehide guidanceequires eal-time pocessing
because theehide’s maxinum speed is boundeg the pocessing
rate. The main poblem, intrinsic to imaye piocessingis the lage
amount of dea—and thus compuian—involved

in the paametes, suc as tansitions fom sun to shadus or the en
trance in a tunnel. Otheekproblems «ist, suc as the systemobust
ness vinen dealing with camamaement and diits in its calibetion.

However, although computer vision isceemel complex and highy
demandingit is a paverful meansdr sensing the eironment. It has
been wide} emplo/ed to adress may complex and dallengng aute
motive tasks,rangng from road bllowing to pldooning (when a ehi-
cle automécally follows a manally driven \ehide) and fom vehide
overtaking to automiéc paking. Of these tasksye paid the mostiten
tion to mad bllowing (see thealaed sidéar) because it comginends
two basic functionalitieobstate detection and lane detection.

Reference

1. IEEE Intelligent Systemspecial issue on vision-basezhde guid
ance)Vol. 13,No. 6,Nov./Dec 1998.
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speeds (dung the testARGO reahed a
peak of 123 kph}the \ehide tends to demen
strate slightly unstdle behaior, oscillaing
inside the lane

We ae stuging a moe sophisticted con
trol system intuding a stong oad model;
this should alles higher speeds with mer
stability. This neav contol medanism is
undepoing tests on a system gitator tha
emulates \ehide behaior on curved oads
with more than one lan&Ve've also used it
to test lanedsang maneugrs.

The user intedce To manae the automic
driving systemyve piovided a conwl panel
with six kuttons and eight LEDs thimdicae
the selected dring mode Because it is still
in eaty development,we can modify the
value of a mmber of diving paametes,
which should namally be had-coded and
not adjusthle by the fnal userNevertheless,
this caability does not incease the inter
faces compleity. For secuity, the user mast
press tvo huttons sinultaneousf to execute
ead commandThe system then noifs the
user of modiications of its stée thiough
vocal messges thaconfrm the commang’

reception and gecution. Moeover, for some
commands Wwose gecution is not instanta
neous (suc as the lanefmng command),
the system alsoemestes an acoustic signa
at the maneusr’'s completion.

The emegeng system lets the passeng
take contol of the \ehide duing emegen
ciesly

e tuning diving paametes (though the
contol-panel luttons),

» tempoairily taking wer the system (b
using a jgstick), or

» completey taking aver the system (b
pressing a pedalase to thelatch, through
the contol panel littons,or with an emer
geng button dose to the hand ake).

The user intedces behaior was sésfy-
ing. It did not food the diver with edundant
information, and it was simple enougtof
anyone to use

Environmental conditionsThe tour pute
included aeas with diferent mopholagical
chamcterstics: from flat areas (Rma, Pia
cenzafurin, Milan, Verona,Padova, Ferrara,

and Bol@na),to the sloping teitories of the
Appenninesagion (Pescaa,L’Aquila, Rome
Florence and Bolg@na),and heay traffic

1l zones (RomeTurin, and Milans bypasses).
We inevitably encountezd stetches of high
way with road works, absent or vern hoii-
zontal oad signsand dversions.

ARGO did oscillae slightly on sloping
stretches of pad However, the system as
patticulary robust when dealing with her
izontal mad signs; dg makings; forks,
junctions,and «its; heay traffic condr
tions; and guatrails. Fgure 10 illustetes
these situgions.

Moreover, the imaye-processing alg-
rithms were obust in diferent lighting con
ditions.The system could ahys extract the
information for navigation even in citical
light conditionswith the sun in font of the
cameas,with the sun high or l@ on the har
zon,during the @ening or the dg and with
high or lav contiast At night, the dsence of
sunlight eflections and shades impioved
the systens behaior, while ARGO’s head
lights constangl illuminated the aga of inter
est. One whlem, which we're working on,
was the lighs reflection on the windshield’

Lane detection

two basic poblems:

texture’s @peaance;

road and thus obad makings.

cessingor both:

interest is moe piobable.

straight lane madings.

¢ Shadwvs (pojected ly trees buildings, bridges,or other ehides)
tha produce atifacts onto theaad suréce thus alteing the nad

¢ Other \ehides on the pth tha patly ocdude the visibility of the

However, some assumptions can aid the detec8peed up the pr

» Because of pysical and continity constaints,the pocessing of
the whole imaye can beeplaced ly the anafsis of specit regions
of interest (the 6cus of &ention),in which finding the &aures of

* The assumption of axed or smoothl varying lane width allas
enhancement of the sehrciiterion, limiting the seach to almost

» Assumptions of theoad ggomety’s shpe can simplify itseconr
struction; for exkample some implementens use alothoid (a cuve
with constantf varying cuwvature) to model theaad’s geomety.

» Knowledge of the speci¢ camea calibetion and the assumption
of a pecise oad model (@r example a“flat” road without imps)
can be gploited to ease the localizan of feaures.This knav-

ledge can also help simplify the pRing betveen imae pixels and

. A their corespondent wrid coodinates.
In most pototypes of autonomougkiides,road bllowing is based P

on lane detectiorfirst,the guidance system computes thaide’'s
position eldive to the lane; then it hes actutors to leg the \ehide

in a saé position. Genelly, suc systemseaduce lane detection to the
localizaion of speciic fegures sub as pad makings painted on the
road suréce Although this solution can simplify lane detectidgriaces

based
The model-basedp!

process imges of intes

Neverthelessthe model-basedaoadt has seeral dawbads. One

is the poblem of using

model A second dmwbad is the dificulty of detecting and ntehing
comple road hamcterstics.A third is the complety of the computa

tions involved because
structures.

Reference
1. A. Broggi et al.,Aut

Two goproades to lane detectionxist: model-basedndfeature-

patems and a model thencodes theoad’s chamacteistics. Some im
plementéons itegtively stretch and eshae an initial model accding

to the content of eadrame of the acquéd sequenc@hese defrméeble
templaes hae been successfulused to detect lane nkangs,road
boundaies,and pad signs. Model-based aysik has also been used to

Cornversely, the feaure-based gproad limits the computzonally
intensie task to thexdraction of aures. It leaes the mich with the
model to thedllowing medium- and high-lel processing stes,thus
reducing the amount of @it handles.

Interested eades can ind a suvey of similar pojects in our book,
and somexamples of solutions to vision-basedviirg problems in the
Nov./Dec 1998Intelligent System@/ol. 13,No. 6).

ARGOAutonomouskhide, World Scientifc, Singapore, 1999.

roach consists of a déct mach between visual

ections in city tffic.

and maintaining ap@opriate geometical road

the ole pocessing is pesimed on lage dda

omdic Vehide GuidanceThe Expeience of the
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(d)

windshield.

Figure 10. The system demonstrated good reliability when dealing with (a) horizontal
road signs, (b) fog markings, (c) exits, (d) heavy traffic, and (e) guard-rails.

intemal surfice (see igure 11a). kgures
11b 11c and 11d she some typical déects
of this reflection.

Finally, the system mmved to be suris-
ingly robust despite the high temptires dur
ing the tour Even when the gtemal temper
ature reatied 35C, the system contired to
work reliably, even with no akconditioning

Minor problems.During the tour ARGO
suffered a &w difficulties tha did not elae

directly to the perdrmance of its systems.

These poblems induded a pwer failure

caused P an oseroading of the pwver sup
ply, interference of an onbodrcellular
phone with the camas and acquisition
boad, and some humanrers in the use of
the contol panel.

F UTURE DEVELOPMENTS OFRARGO’s
autonomous condf system will deal with
enhancing the vision system and coliing
the steang wheel. (for the ldest inbrma

Figure 11. The reflection problem: () the light’s reflection on the windshield’s internal
surface causes the images to be oversaturated; (b) an image with no reflection; (c) an
image with a strong reflection; (d) an oversaturated image caused by reflection on the

tion eéout theARGO pject, visit http://
millemiglia.ceunipr.it.)

In paticular, although the lane-detection
algorithm is extremel robust,we want to
enhance it to looktawo lines instead of just
one to remove the erors caused ypocdu-
sions or highwy exits. We're also impov-
ing the compution of an obstde’s distance
and will integrate the esults with the lane-
detection subsystem.

Also, the tour shwed thd the steeo cam
eras vere incompéble with the pplication.
Because theiran contol is too slov and
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