CHAPTER 7/
LANDMARK NAVIGATION

Landmarks are distinct features that a robot can recognize from its sensory input. Landmarks can
be geometric shapes (e.qg., rectangles, lines, circles), and they may include additionation

(e.g., in the form of bar-codes). In general, landmarks have a fixed and known position, relative to
which a robot can localize itself. Landmarks are carefully chosen to be easy to idengxample,

there must be sufficient contrast to the background. Before a robot can use landmarks for navigation,
the characteristics of the landmarks must be known and stored in the robot's memory. The main task
in localization is then to recognize the landmarks reliably and to calculatebibis position.

In order to simplify the problem of landmark acquisition it is often assumed that the current robot
position and orientation are knowppaoximately, so that theobot only needs to look for landmarks
in a limited area. For this reason good odomatrguracy is a prerequisite forceessful landmark
detection.

The general procedure for performing landmark-based positioning is shown in Figure 7.1. Some
approaches fall between landmark and map-based positioning (see Chap. 8). They use sensors to
sense the environment and then aatrdistinct structures that serve as landméoksaavigation in
the future. These approacheiti e discussed in the chapter onp¥iaased positioningechniques.
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Figure 7.1: General procedure for landmark-based positioning.

Our discussion in this chapter addresses two types of landmarks: “artificial” and “natural.” It is
important to bear in mind that “natural” landmarks work best in highly structured environments such
as corridors, manatturing floors, or hospitals. Indeed, one may argue that “natural’ landmarks
work best when they are actually man-made (as is the case in highly structuredreents). For
this reason, we shall define the terms “natural landmarks” and “artificial landmarks” as follows:
natural landmarksare those objects or features that are already in theoement and have a
function other than robot navigatioaxtificial |andmarksare specially designed objects or markers
that need to be placed in the enmiment with the sole purpose of enabling robot navigation.
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7.1 Natural Landmarks

The main problem in natural landmark navigation is to detect and match characteristic features
sensory inputs. The sensor of choice for this task is computer vision. Most computer vision-based
natural landmarks are long vertical edges, such as doors and wall junctionsjlingdigigs.
However, computer vision is an area that is too large and too diverse for the scope of this book. For
this reason we will present below only one example of computenvisised landmarketection,

but without going into grat detail.

When range sensors are used for natural landmark navigation, distinct signatures, such as those
of a corner or an edge, or of long straight walls, a@dgeature candidates. The selection of
features is important since it wiletermine the complexity in feature descopti cetecton, and
matching. Proper settion of features iV also reduce the chancésr ambiguity and increase
positioning accuracy. A natural landmark
positioning system generally has the follo
ing basic components:
» A sensor (usually computer vision) fo

detecting landmarks and contrasting the

against their background.
» A method for natching observed features
with a map of known landmarks.
+ A method of computing kation and
localization errors from the atches.

One system that uses natural landmarks
has recently been developed in Canada. This
project aimed at developing aghistcated
robot system called theAtitonomous Robot
for a Known Environmeht(ARK). The
project was carried out jointly by the Atomic .
Energy of Canada Ltd (AECL) and Ontario
Hydro Tedinologies with support from the|
University of Toronto and York University
[Jenkin et al., 1993]. A Cybermotion K2A+
platform serves as the carrier for a numbe
of sensor subsystems (see Figure 7.2).

Of interest for the discussion here is th
ARK navigation module (shown in Figure
7.3). This unit consists of a custom-mad
pan-and-tilt table, a CCD camera, and &
eye-safe IR spot laser rangefinder. Tw
VME-based cards, a single-board compute
and a microcontroller, provide processin
power. The navigation module is used t@

T . . Figure 7.2: The ARK system is based on a modified
perlodlcally correct theobot SaccumUIatmg Cybermotion K2A+. It is one of the few working navigation

odometry errors. The system usesural systems based on natural landmark detection. (Courtesy
of Atomic Energy of Canada Ltd.)
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landmarks such as alphanumeric signs, semi=
permanent structures, or doorways. The only
criteria used is that the landmark be distin-
guishable from the background scene by
color or contrast.

The ARK navigation module uses an
interesting hybrid approach: the system
stores (learns) landmarks by generating |a
three- dimensional “grey-level surfackebm
a single training image obtained from th
CCD camera. A coarse, registered ran
scan of the same field of view is performet
by the laser rangefinder, giving depths fo
each pixel in the grey-levelgace. Both
procalures are performed from a know
robot positionLater,during operation, when
the robot is at an approxjr[ely known Figure 7.3: AECL's natural landmark navigation system
(from odometry) position within a couple ofuses a CCD. camera'in cqmbination with a time-of-flight
metersrom the training position, the vision Igser rangefinder to identify landmarks and to measure the

distance between landmark and robot. (Courtesy of
system searches for those landmarks that a§mic Energy of Canada Ltd.)
expected to be visiblgom the robot's mo-
mentary position. Once a suitable landmark
is found, the pr@cted appearance of the landmark is computed.ekpisctechppearance is then
used in a coarse-to-fine normalized correlation-basattimng algorithm that yields th@bot's
relative distance and bearing with regard to that landmark. With this procedure the ARK can identify
different natural landmarks and measure its position relative to the landmarks.

To update theobot's odometry position the system must find a pair of natural landmarks of
known positon. Positioningaccuracy depends on the geometry of the robot and the landmarks but
is typically within a few centimeters. It is possible to passdobet through standard 90-cenétar
(35 in) doorway openings using only the navigatiadale if corections are made using thpper
corners of the door frame just prior to passage.

7.2 Artificial Landmarks

Detection is much easier with artificial landmarks [Atiya and Hager, 1993], which are designed for
optimal contrast. In addition, the &t size and shape of artificial landmarkslarewn in advance.
Size and shape can yield a wealth of geometric information when transformed under thetigersp
projection.

Researchers have used different kinds of patterns or marks, and the geometry dfidkdeanmzt
the associated techniquies position estimation vargccordingly [Talluri and Aggarwal, 1993].
Many artificial landmark positioning systems are based on computer visionilMdetwdiscuss these
systems in detail, but we will mention some of the typical landmarks used with compuater visi
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Fukui [1981] used a diamond-shaped landmark and applied a least-squares method to find line
segments in the image plane. Borenstein [1987] used a lelei@ngle witHfour white dots in the
corners. Kabuka and Arenas [1987] used a half-white and half-black circle with a unique bar-code
for each landm&. Magee and Aggarwal [1984] used a sphere with horizontal and vertical
calibration circles to achieve three-dimensional localization from a single image. Other systems use
reflective material patterns andatted light to ease the segretion and parameter extraction
[Lapin, 1992; Mesaki and MasudE992]. There are also systems thatasgve (i.e., LED) patterns
to achieve the same effect [kfg and Baron, 1992].

The accuracy achieved by thiecae methods depends on #exuracy with which the geometric
parameters of the landmark images are extrdcbedthe image plane, which in turn depends on
the relative position and angle between the robot and the landmark. In genesaicuhacy
decreases with the increase in relative distance. Normally there is a range of relative angles in which
goodaccuracy can be achieved, while accuracy drops significantly once the relative angle moves
out of the “good” region.

There is also a variety of landmarks used in conjunction with non-vision sensors. Most often used
are bar-coded reflectors for laser scanners. For example, currently ongoing workdly Bwethe
Mobile Detection Assessment andfitese SysteiMDARS) [DeCorte, 1994] uses retro-refitors,
and so does the commercially available system fratei@illar on theiSelf-Guided VehiclgGould,

1990]. The shape of these landmarks is usually pmitant. By contrast, a unique approach taken
by Feng et al. [1992] used a circular landmark and applied an optical Houdbriratsextact the
parameters of thdlpse on the image plane in real time.

7.2.1 Global Vision

Yet another approach is the so-caligobal visionthat refers to the use of cameras placed at fixed
locations in a wrkspace to extend the local sensing available on board each AGV [Kay and Luo,
1993]. Figure 7.4 shows a block diagram of pnecessing functions for vehicle control using global
vision.

In global vision methods, clateristic point$orming a pattern on the mobitebot are identified
and localized from a single view. A proligghic method is used to sett the mosprobable ratching
according to geometric chaateristics of those percepts. From this reduced search space a
prediction-verification loop is applied to identify and to localize the points of the patteuny[led
Baron, 1992]. One advantage of thigpeoach is that it allows the operator to monitor robot
operation at the same time.

7.3 Atrtificial Landmark Navigation Systems

Many systems use retroreflective barcodes as artificial landmarks, similar to the ones asediin b
navigation systems. However, in this book we distinguish between regainedl bar-codes used as
artificial landmarks and retrorefttive poles used as “beacons.” The reason is thatafredective
markers (with or without bar-code) aattached to the walls ofraom and their function is merely
to aid in determining the location of the wall, then these markers do not
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Figure 7.4: Block diagram of the processing functions for vehicle control using global
vision. (Adapted from [Kay and Luo, 1993].)

function as beacons. By contrast, if markers are used on arbitrarily placed poles (even if the location
of these poles is carefully surveyed), then thelyas beacons. A related distinction is the method
used for computing the vehicle's position: if triangulation is used, then the reflectors act as beacons.

7.3.1 MDARS Lateral-Post Sensor

Currently ongoing work by Evett on theMobile Detection Asssmentand Response System
(MDARS) [Everett et al.,1994; DeCorte, 1994] uses passiveaetrs in conjunction with a pair

of fixed-oriertation sensors on board tta@bot. Thistechnique, callethteral-post eétection was
incorporated on MDARS to significantly reduce costs by exploiting the forward motion of the robot
for scanning purposes. Short vertical strips of 2.5 cextérs (1 in) rebreflective tape are placed

on various immobile objects (usually structuraport posts) on either side of a virtual path
segment. The exagty locations of these tape markers are encoded into the virtugbagfam.
Installation takes only seconds, and since the flat tape does not protrude into the aisle at all, there
is little chance of damage from a passing fork truck.

A pair of Banner Q85VR3LP retrorefitive proximity sensors munted on the turret of the
Navmasterobot face outward to either side as shown in Figuke These inexpensive sensors
respond to redlictionsfrom the tape markers along the edges of the route, triggering a “snapshot”
virtual pathinstruction that records the current side-sonar range values. The longitudinal position
of the platform is updated to ttk@own marker coordate, while lateral position is inferrdbm the
sonar data, assuming botbinclitions fall within specified tolerances.
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The accurag of the marker correction is
much hgher (and therefore agaedgreater
credibility) than that of the lateral sonar
readirgs due to the markegdldifferent un-
certainties associated with the pestve ——g = =
targets. Thepolarized Banner sensor re-
sonds ony to the presence of a
retrorefector while gnoringeven highly
specular surroundmsurfaces, whereas the
ultrasonic enayy from the sonar W echo @zﬁjﬁ@
back from ag reflective sirface enoun-
tered ly its relativey wide beam. Protrud Figure 7.5: Polarized retroreflective proximity sensors are
objects in the vicinig of the tge (Quite used to locate vertical strips of retroreflective tape
common in a warehouse environment) restttached to §helving support posts in the Cgmp Elliott
in a shorter measured gEvalue than the ‘[’VE"flfrZ(t’t“;ea'CsltggT]'f)“ of the MDARS security robot
reference distance for the marker itself. The
overall effect on ¢ bias is somewhat aver-
aced out in the loprun, aseach time the vehicle execute8G&deyree course chag the association
of x- andy-conponents with t@e versus sonamdates is interchamd.

7.3.2 Caterpllar Self Guided Vehicle

Catepillar Industrial, Inc., Mentor, OH,
manufactures a free-rgng AGV for mate-
rials handlim that relies on a scanmjtaser
trianqulation scheme terovide positional
updates to the vehicle®nboard odomeyr
system. The Class-I laser rotates apid ito
illuminate passive retroredictive bar-code
tarets affixed to walls or @port columns at
known lccations p to 15 meterqg50 ft)
away [GOU|d, 1990; Brne et a|_, 1992]_ The Figure 7.6: Retroreflective bar-code targets spaced. 10 to
bar-codes serve tpositively identify the 15 meter§ (33 to 49 ft) .a'part are used by the Caterplllar

o A SGV to triangulate position. (Adapted from [Caterpillar,
reference taget and elimiate amhguities 19914
due to false returns from othepesular
surfaces within the peratigparea. An
onboard comuter calculates % position wdates hrough sinple triamulation to null out
accumulate@domety errors (see Bure 7.6).

Some taget occlusiorproblems have been parienced in exteriormolications where there is
heaw fog, as would be eected, and mior difficulties have been encountered as well durin
periods when the sun was low on the horizowrf, 1993]. @tepillar's Self Guided VehiclgSGV)
relies on dead reckorgrunder such conditions to religtdontinue its route for distances aqf 1o
10 meterg433 ft) before the next valid fix.
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The robot platform is a hybrid combination of tricycle and differential drive, employing two
independent series-wound DC motors powering 45-centimeter (18 in) rear wheels through sealed
gear-boxes [CATERPILLAR, 1991]. High-resolution resolvers attached to the single front wheel
continuously monitor steering angle and distance traveled. A pair of mechanically scanned near-
infrared proximity sensors sweeps the path in front of the vehicle for potential obstructions.
Additional near infrared sensors monitor the area to either side of the vehicle, while ultrasonic sensors
cover the back.

7.3.3 Komatsu Ltd, Z-shaped landmark

Komatsu Ltd. in Tokyo, Japan, is a Z-shaped landmark Rad
manufacturer of construction ma- ‘g <om
chines. One of Komatsu's research o AA)' m

projects aims at developing an un- =
manned dump truck. As early as ‘
1984, researchers at Komatsu Ltd.
developed an unmanned electric car
that could follow a previously

taught path around the company's . ﬂ R G S
premises. The vehicle had two Figure 7.7: Komatsu's Z-shaped landmarks are located at

onboard computers, a directional 50 meter (164 ft) intervals along the planned path of the
gyrocompass, two incremental en-  autonomous vehicle. (Courtesy of [Matsuda and Yoshikawa,

coders on the wheels, and a metal 1989].)
sensor which detected special land-
marks along the planned path (see Figure 7.7).

The accuracy of the vehicle's dead-reckoning system (gyrocompass and encoders) was
approximately two percent on the paved road and during straight-line motion only. The mechanical
gyrocompass was originally designed for deep-sea fishing boats and its static direction accuracy was 1
degree. On rough terrain the vehicle's dead-reckoning error deteriorated notably. For example,
running over a 40-millimeter (1.5 in) height bump and subsequently traveling along a straight line for
50 meters (164 ft), the vehicle's positioning error was 1.4 m (55 in). However, with the Z-shaped
landmarks used in this project for periodic recalibration the positioning could be recalibrated to an
accuracy of 10 centimeters (4 in). The 3 meter
(118 in) wide landmark was made of 50 millime-
ter (2 in) wide aluminum strips sandwiched
between two rubber sheets. In order to distin-
guish between “legitimate” metal markings of
the landmark and between arbitrary metal ob- -
jects, additional parallel line segments were used
(see Figure 7.8). The metal markers used as l
landmarks in this experiment are resilient to ‘
contamination even in harsh environments.
Water, dust, and lighting condition do not affect ~Figure 7.8: The Z-shaped landmark. Note the

the readability of the metal sensor [Matsuda and secondary lines parallel to the horizontal Z-stripes.
Yoshik 1989 The secondary lines help distinguish the marker
oshikawa, 1. from random metal parts on the road. (Courtesy of

[Matsuda and Yoshikawa, 1989].)

Aluminum tape Rubber sheet

matsuda2.cdr, .wmf

< 3m »
]
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Each Z-shaped landmark comprises three line segments. The first and third line segments are in
parallel, and the second one isdted diagonally between the parallel lines (see FigyeDuring
operation, a mtal sensor locateahderreath the awnomous vehicle etects the three crossing
points R , B, andf . The distances, L and L, are measured by the incremetal encoders using
odometry. After traversing the Z-shaped landméhe vehicle'sdteral deviation X at pointP can
be computed from

X, = W( = -4 (7.2) | /
| L2

whereX; is the lateral positionreor at pointP, based
on odometry.
The lateral position reor can be cogcted after
passing through the third crossing pdmt Note that
for this crrection metod the eact location of the
landmark along the line of travel does not have to be
known. However, if the loation of the landmark is
known, then the vehicleactual position aP, can be
calculated easily [Matsuda et dl989]. <
The size of the Z-shaped landmark can be varledl W
according to the exgeted lateralgor of the vehicle. Figyre 7.9: The geometry of the Z-shaped
Larger landmarks can be buried under theasu@fof landmark lends itself to easy and
paved roads for unmanned cars. Smaller landmarks ¢&gnbiguous computation of the lateral
be installed undemttory floor coating or under office pos't'ok” error X,. (Courtesy of [Matsuda and
carpet. Komatsu has developed such smaller Z- shapesérI awa, 1989}
landmarks for indoor robots and AGVs.

Y

7.4 Line Navigation

Another type of landmark navigation that has been widely used in industry is line navigation. Line
navigation can be thought of as a contius landmark, although in most cases the sensor used in this
system needs to be very close to the line, so that the range of the vehicle is limited to the immediate
vicinity of the line. There are different implementatidmsline navigation:

» Electromagnetic Guilanceor Electromagnetic LeadeCable

» Reflecting Tape Gdance(also calledptical Tape Gudancg.

- Ferrite Painted Guidancewhich uses ferrite magnet powder painted on the floor [Tsumura,
1986].

These techniques have been in use for many years in industrial automation tasks. Vehicles using
these techniques are generally caledomatic Guided Vehicld&GVs).



Chapter 7: Landmark Navigation 181

In this book we don't address these methods in detail, because they do not allow the vehicle to
move freely — the main feature that sets mobile robots apart from AGVs. However, two recently
introduced variations of the line navigation approach are of interest for mobile robots. Both
techniques are based on the use of short-lived navigational markers (SLNM). The short-lived nature
of the markers has the advantage that it is not necessary to remove the markers after use.

One typical group of applications suitable for SLNM are floor coverage applications. Examples
are floor cleaning, lawn mowing, or floor surveillance. In such applications it is important for the
robot to travel along adjacent paths on the floor, with minimal overlap and without “blank” spots.
With the methods discussed here, the robot could conceivably mark the outside border of the path,
and trace that border line in a subsequent run. One major limitation of the current state-of-the-art is
that they permit only very slow travel speeds: on the order of under 10 mm/s (0.4 in/s).

7.4.1 Thermal Navigational Marker

Kleeman [1992], Kleeman and Russell [1993], and Russell [1993] report on a pyroelectric sensor that
has been developed to detect thermal paths created by heating the floor with a quartz halogen bulb.
The path is detected by a pyroelectric sensor based on lithium-tantalate. In order to generate a
differential signal required for path following, the position of a single pyroelectric sensor is toggled
between two sensing locations 5 centimeters (2 in) apart. An aluminum enclosure screens the sensor
from ambient infrared light and electromagnetic disturbances. The 70 W quartz halogen bulb used in
this system is located 30 millimeters (1-3/16 in) above the floor.

The volatile nature of this path is both advantageous and disadvantageous: since the heat trail
disappears after a few minutes, it also becomes more difficult to detect over time. Kleeman and
Russell approximated the temperature distribution T at a distance d from the trail and at a time t after
laying the trail as

T(d,t) = A(t) e (7.2)

where A(t) is a time-variant intensity function of the thermal path.

In a controlled experiment two robots were used. One robot laid the thermal path at a speed of
10 mm/s (0.4 in/s), and the other robot followed that path at about the same speed. Using a control
scheme based on a Kalman filter, thermal paths could be tracked up to 10 minutes after being laid on
a vinyl tiled floor. Kleeman and Russell remarked that the thermal footprint of peoples' feet could
contaminate the trail and cause the robot to lose track.

7.4.2 Volatile Chemicals Navigational Marker

This interesting technique is based on laying down an odor trail and using an olfactory' sensor to
allow a mobile robot to follow the trail at a later time. The technique was described by Deveza et al.
[1993] and Russell et al. [1994], and the experimental system was further enhanced as described by
Russell [1995a; 1995b] at Monash University in Australia. Russell's improved system comprises a
custom-built robot (see Figure 7.10) equipped with an odor-sensing system. The sensor system uses

! relating to, or contributing to the sense of smell (The American Heritage Dictionary of the English Language, Third Edition is
licensed from Houghton Mifflin Company. Copyright © 1992 by Houghton Mifflin Company. All rights reserved).
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controlled flows of air to draw odor-
laden air over a sensor crystal. The
quartz crystal is used as a sensitive
balance to weigh odor molecules. The
quartz crystal has a coating with a
specific affinity for the target odorant;
molecules of that odorant attach easily
to the coating and thereby increase the
total mass of the crystal. While the
change of mass is extremely small, it
suffices to change the resonant fre-
quency of the crystal. A 68HC11 mi-
croprocessor is used to count the crys-
tal's frequency, which is in the kHz
region. A change of frequency is indic-
ative of odor concentration. In Rus-
sell's system two such sensors are
mounted at a distance of 30 millime-
ters (1-3/16 in) from each other, to
provide a differential signal that can
then be used for path tracking.

For laying the odor trail, Russell
used a modified felt-tip pen. The odor-
laden agent is camphor, dissolved in

Figure 7.10: The odor-laying/odor-sensing mobile robot was
developed at Monash University in Australia. The olfactory
sensor is seen in front of the robot. At the top of the vertical
boom is a magnetic compass. (Courtesy of Monash
University).

alcohol. When applied to the floor, the alcohol evaporates quickly and leaves a 10 millimeter (0.4 in)
wide camphor trail. Russell measured the response time of the olfactory sensor by letting the robot
cross an odor trail at angles of 90 and 20 degrees. The results of that test are shown in Figure 7.11.
Currently, the foremost limitation of Russell's volatile chemical navigational marker is the robot's slow

speed of 6 mm/s (1/4 in/s).
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Figure 7.11: Odor sensor response as the robot crosses a line of camphor set at an angle of
a. 90° and b. 20° to the robot path. The robots speed was 6 mm/s (1/4 in/s) in both tests. (Adapted

with permission from Russell [1995].)
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7.5 Summary

Artificial landmark detection medds are well developed and reliable. By contraatural
landmark navigation is not sufficiently developed yet for reliable performance under a variety of
conditions. A survey of the market of commercially availataeural landmark systems produces

only a few. One is TRC's vision system that allows the robot to localize itself astaggular and
circular ceiling lights [King and Weimai990]. Cyberworks has @slar systenfCyberworks]. It

is generally very difficult to develop a feature-based landmark positioning system capable of
detecting different natural landmarks in different eswments. It is also very difficult to develop

a system that is capable of using many different types of landmarks.

We summarize the characteristics of landkri@ased navigation as follows:

- Natural landmarks offer flexility and require no modifiations to the enkonment.

«» Artificial landmarks are inexpensive and can have additional information encodatexspor
shapes.

» The maximal distance between robot and landmark is substantially shorter slicamarbeacon
systems.

» The posttioning accuracy depends on the distance and angle betweaothend the landmark.
Landmark navigation is rather inaccurate whenrttet is further away from the landmark. A
higher degree of accuracy is obtained only when the robot is near a landmark.

« Substantially more processing is necessary than with active beacon systems.

» Ambient conditions, such as lighting, can be problematic; in marginalitysilandmarks may
not be recognized at all or other objects in therenment with enilar features can be mistaken
for a legitimate landmark.

+« Landmarks must be available in the work environment around the robot.

« Landmark-based navigation requires an appraténstarting location so that th&@bot knows
where to look for landmarks. If the starting position iskraiwn, the robot has to conduct a time-
consuming search process.

+ A database of landmarks and their location in therenment must be maintained.

» There is only limited commercialipport for this type ofechnique.



