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(57) Abstract: A localization scheme and method using a laser sensor for indoor wheeled mobile robots (IWMR), which need to
localize themselves for working autonomously, is provided. In this method, a laser sensor moves inside an onboard guide way and
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IWMR orientation and location in the global co-ordinates (in 2-D). Such target recognition and localization methods are validated
with experimental results.
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TARGET RECOGNITION AND LOCALIZATION METHODS
USING A LASER SENSOR FOR WHEELED MOBILE ROBOTS

BACKGROUND

[0001] Localization of indoor wheeled mobile robots (IWMR) has been an active area
of research since the 1980s. Self-localization is defined as the capability to determine its
own posture (orientation and location). Dead-reckoning navigation techniques, which
rely on internal sensors such as the odometer or encoders, have been the earliest of
techniques used in this field. In dead-reckoning systems, the posture error grows
without bound, which limited its use as a secondary technique with other localization
methods. Different types of external sensors or combinations of external sensors have
also been used for localization. The sensors employed include video cameras, infrared
sensors, laser sensors, ultrasonic sensors, radio frequency identification sensors
(RFID), sonar sensors and global positioning system (GPS), etc. Different sensor-based
localization methods have their own application limitations. Camera-based localization
depends heavily on the lighting condition of the ambient environment, thus rendering it
ineffective under insufficient lighting conditions. RFID sensor needs to know the ambient
environment, henceforth reducing its effectiveness in situations where knowledge about
the environment is unavailable.

[0002] Ultrasonic sensors are more sensitive to environmental noises. For example,
in a noisy environment the diffusion of ultrasonic waves could be high which reduces
the accuracy. Thus ultrasonic sensors cannot be used as a stand-alone sensor for
localization in a noisy environment and can only be used along with other sensors.
GPS-based localization has relatively low accuracy, slow update rate, and availability
issues. Laser sensor based localization supersedes these sensors in that it doesn’t
depend on lighting nor is it sensitive to environmental noise. Also, unlike GPS based
localization, laser-based IWMR localization does not need a local base station, which
makes GPS-based localization an expensive technique for indoor applications.

[0003] Laser sensor based IWMR localization generally needs a priori knowledge of
the entire environment or at least the landmark features in the environment. Thus

existing laser sensor based localization algorithms can be divided into two categories —
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algorithms that search for patterns in the entire environment and algorithms that seek
landmark features on the floor such as lines, line segments, and so on.

[0004] Localization results have also been used to update local portions of a global
map. The process of updating a global map using the localization results is termed as
Simultaneous Localization and Mapping (SLAM). Different algorithms have been
proposed to perform SLAM. There have been efforts to reduce the complexity of these
algorithms. If the dependence on sensor fusion techniques to obtain accurate
localization results is reduced, complexity of the SLAM algorithms can also be lowered.
In the past, SLAM problems have been conducted in static and dynamic environments.

BRIEF DESCRIPTION
[0005] In accordance with one aspect, a mobile robot target system comprises a
target having a surface with depth variations; and a mobile robot having a laser sensor
mounted thereon for scanning the target to localize the robot.
[0006] In accordance with another aspect, a mobile robot target system comprises a
target having a surface with depth variations; and a laser sensor adapted to scan the
target for localization.
[0007] In accordance with yet another aspect, a method for localizing a wheeled
robot/vehicle using a laser sensor comprises collecting and storing laser sensor
measurements to a target and rotary actuator angular positions of the laser sensor;
detecting edges on a target based on laser sensor measurements and rotary actuator
angular positions; transforming collected measurements and angular positions into
vehicular coordinates; identifying vehicular coordinates corresponding to the detected
edges of the target; and determining global coordinates for the identified vehicular
coordinates.
[0008] The exemplary method further comprises the determined global coordinates
being compared with templates of the target to confirm that the target has been
recognized; Hausdorff distances between the determined global coordinates and the
templates being minimized; generating templates for the target; and determining the
global coordinates includes joining the identified vehicular coordinates in a straight line;
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and determining the slope of the straight line to determine an orientation of the
robot/vehicle.

[0009] The exemplary method further comprises determining the orientation of the
wheeled robot/vehicle in the determined global coordinates; reducing the influence of
noise in the laser sensor measurements on the determined global coordinates; and

approximating the noise of the laser sensor measurements by a white Gaussian noise.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] FIG. 1 is an illustration of laser sensor based IWMR localization.
[0011] FIG. 2 is a cross-section of an example target.
[0012] FIG. 3 is an lllustration of measured distance when the laser sensor scans
through the target surface.
[0013] FIG. 4 is a cross-section of a target and the design parameters.
[0014] FIG. 5is an illustration of worst angle of a laser sensor.
[0015] FIG. 6 is an lllustration of a target design.
[0016] FIG. 7 is an experimental setup for determining the worst angle of a laser
Sensor.
[0017] FIG. 8 is a cross-section of a laser sensor specific target shape
(asymmetrical).
[0018] FIG. 9 is a cross-section of a laser sensor specific target shape (symmetrical).
[0019] FIG. 10 is a pseudo code for the target recognition algorithm.
[0020] FIG. 11 graphically depicts experimental data collection during a target scan.
[0021] FIG. 12 graphically depicts edge detection from experimental data.
[0022] FIG. 13 graphically depicts IWMR orientation determination.
[0023] FIG. 14 is an illustration of three different zones in front of a target.
[0024] FIG. 15 graphically depicts three different templates for a specific target.
[0025] FIG. 16 graphically depicts laser sensor measurement and rotary actuator
angular position versus time.
[0026] FIG. 17 graphically depicts IWMR orientation determined by the algorithm.
[0027] FIG. 18 graphically depicts target shape in laser sensor co-ordinates.
[0028] FIG. 19 graphically depicts center template match.
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[0029] FIG. 20 graphically depicts laser sensor measurement and rotary actuator
angle versus time.

[0030] FIG. 21 graphically depicts vehicle orientation when IWMR is in Zone |.
[0031] FIG. 22 graphically depicts left template match.

[0032] FIG. 23 graphically depicts laser sensor measurement and rotary angle
versus time.

[0033] FIG. 24 graphically depicts vehicle orientation determined by the algorithm.
[0034] FIG. 25 graphically depicts right template match.

[0035] FIG. 26 graphically depicts center template match.

[0036] FIG. 27 graphically depicts left template match.

[0037] FIG. 28 graphically depicts right template match.

[0038] FIG. 29 is an lllustration of notations used in localization.

[0039] FIG. 30 graphically depicts localization experimental results (IWMR in
Quadrant Il1).

[0040] FIG. 31 graphically depicts localization experimental results (IWMR in
Quadrant IV).

[0041] FIG. 32 graphically depicts localization results (orientation of IWMR = 90
degrees).

[0042] FIG. 33 graphically depicts localization results (orientation of IWMR = 45
degrees).

[0043] FIG. 34 graphically depicts localization results (IWMR in quadrant 1V).

[0044] FIG. 35 graphically depicts localization results (IWMR in quadrant Il1).

[0045] FIG. 36 graphically depicts localization results (orientation of IWMR = 90
degrees).

[0046] FIG. 37 graphically depicts localization results (orientation of IWMR = 45
degrees).

[0047] FIG. 38 graphically depicts localization results (error in orientation).

[0048] FIG. 39 graphically depicts localization results (error in orientation, when
length of target < 2*noise).

[0049] FIG. 40 graphically depicts error in orientation vs. noise in measurement.

[0050] FIG. 41 graphically depicts error in orientation vs. resolution error.
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DETAILED DESCRIPTION
[0051] The subject disclosure proposes a new technique for localizing IWMRs (in an
unknown static 2-D environment that is, no knowledge about the environment or
landmark features in the environment is needed) based on laser sensor distance
measurements alone (with respect to a target). The proposed technique is different
from the existing ones in that it does not need a priori knowledge about the environment
and thus gives the flexibility of employing this technique in uncertain environments. The
only requirement for this technique is the capability to place the target at a known global
location in an uncertain environment (no knowledge about the environment is required).
Further, the complexity of SLAM algorithms can be reduced by developing a localization
technique that uses a laser sensor alone, with the assumption that the unknown
environment is static (i.e., there is no moving object in the entire environment).
[0052] The system hardware configuration for the proposed localization scheme
according to one embodiment is shown in Fig. 1. Fig. 1 depicts an exemplary IWMR
having a laser sensor operably connected thereto. The laser sensor can be mounted
on a rotary actuator that can span a wide angular section (e.g., 180 degrees) for reliably
detecting the target and self-localizing in a wide range. To further increase the
operating range of the exemplary system, a linear actuator, fixed on the IWMR body,
can be used as a guide way to move the rotary actuator and laser sensor together along
the IWMR lateral direction.
[0053] According to one aspect, the target used in this localization method has a
surface with uniquely combined depth variations. As a result, the target can be
identified properly by the distance measurements when the laser sensor beam scans
through the target surface. The cross-section of an example target that can be used is
given in Fig. 2. The center of this target (small dot) marks the origin location from which
the global co-ordinates are measured.
[0054] Fig. 3 illustrates the edge detected in the laser sensor measurement as the
target surface is scanned by the laser beam once when the IWMR is located in the third
quadrant. This distance measurement pattern matches exactly with the physical target

depth pattern shown in Fig. 2. By examining the measured distance sequence pattern,



WO 2012/167110 PCT/US2012/040499

the target can thus be recognized. Note that more complex target shapes can be used
to elevate the target uniqueness and make it more distinguishable from its surroundings
and backgrounds. The detected target, whose global location and orientation (always
parallel to the global x axis) are known, together with the laser sensor distance
measurements with respect to the target can be employed to self-localize the IWMR in
the global coordinates.

[0055] TARGET DESIGN

[0056] As will be appreciated by those skilled in the art, the target design, which

includes the target shape, material, and color, will affect the laser sensor distance
measurement accuracy, visible range and consequently influence the target recognition
capability and localization accuracy of the system. Several target design guidelines
generated from experimental results are described below.

[0057] Generalized target design methodology and quidelines

[0058] Fig. 4 shows the cross section of an exemplary target and corresponding

design parameters, namely the depth and width pairs (d,, w, ). The x-y axis on the target

marks the global co-ordinates along which the IWMR is localized. The target may be
unigue in shape and to detect the edges robustly there may be at least two genuine
edge depth variations as shown in Fig. 4. (in this case i = 2). The design effort is
focused in choosing the ratio between edge depth-to-width. This can be chosen based
on the worst angle of the laser sensor, which is defined as the angle where

1) The laser sensor loses its required accuracy, due to refraction of signal;

2) The entire length of the target cannot be seen by the laser sensor; and

3) Neither of the two edges of a slot can be detected by the laser sensor
measurements.

Thus, worst angle of a laser sensor is the sector in which a laser sensor cannot operate
accurately. This is depicted in Fig. 5.

[0059] An exemplary design is one that takes into consideration the worst scenario.
The design (edge depth-to-width ratio) should address the event when the laser sensor
is placed at the worst angle. It should be such that even if the laser sensor is viewing

the target from the worst angle, all 4,'s in the 4, and w, pairs are seen. Thus the angle

formed by all of these 4. and w, pairs should always be greater than the worst angle.
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This will reduce the chance of detecting two edges which is necessary for the target
recognition technique. Thus, the edge-to-depth ratio should be greater than or equal to
the tangent of the worst angle.

tan™! [ij > worst _angle, for all ;.
W,

i

(1)
(or)

4 > tan(worst _angle), for all i. (2)
m

i

If the condition given in Eq. (1) is not met by any 4, and w, pair, then the chance of

detecting two edges is reduced. Thus, the edge-to-depth ratio should be greater than or
equal to the tangent of the worst angle. An example scenario is illustrated in Fig. 6. If

the designed target does not meet the condition given in Eq. (1), in the 4, and w, pair
alone, then the edge 4, will not be seen in the laser sensor measurement. In Fig. 6, the

solid dot represents the laser sensor (located on the worst angle); the dashed line and
dashed-dot line denote two successive scanning instances of the laser sensor. As
shown, the surface on width . (blocked in Fig. 6) cannot be seen by the laser sensor.

Hence the depth 4 will not be seen in the laser sensor measurements. Thus a failure to

meet condition given in Eqg. (1) can lead to a target that has a chance of not being
recognized by the target recognition algorithm.

[0060] Laser sensor specific target design

[0061] It is evident from the definition of worst angle that it depends on the specific
laser sensor being used. The value of worst angle has to be determined for the specific
laser sensor. Experiments were conducted for an example laser sensor used in one
embodiment of this disclosure (ODSL 96B M/V6-2000-S12 manufactured by Leuze
Electronics), to determine the worst angle. The laser sensor measurements can be
collected in a dSPACE Micro Auto Box (MABX) as shown in Fig. 7. Here, the laser
sensor is placed at different angles closer to the target at a known location for
evaluating the accuracy of measurement. The worst angle for this specific laser sensor
was determined to be 14c. Once a particular worst angle value is known or determined,

targets (specific for one exemplary laser sensor) can be designed.
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[0062] The edge depth-to-width ratio according to the formula given in Eq. (2) should
be greater than 1/4.0108. Taking this into consideration, a target can be designed with
an edge depth-to-width ratio of Y. An exemplary designed target is shown in Fig. 8.
The target shown in Fig. 8 is asymmetric about its origin; hence another target that is
symmetric about the origin is also designed. Fig. 9 gives an idea about the design
parameters of the symmetrical target.

[0063] Overall Length of the Target

[0064] The overall length of the target can be chosen based on scanning time being

proportional to the overall length of the target. Thus, the target should not be too long.
However, the target should be long enough to accommodate at least two edges that
obey the condition shown in Eq. (2). The length portions other thanw,’s do not carry any

significance, they are merely present to separate the two edges.
[0065] Material Choice for the Target
[0066] Another aspect of target design is material selection. Different materials and

colors can be tested for reflectivity property to a laser source. In one embodiment, the
materials chosen were polished aluminum, unpolished stainless steel, and the colors
chosen were white, red and orange. Polished aluminum and unpolished stainless steel
were chosen for their high reflectivity and ease of machinability. The colors chosen are
the most popular ones used in roadside warnings due to their high reflectivity. In order
to select the appropriate material for the target, experiments were conducted to see the
influence of reflectivity on the accuracy of laser sensor measurements. Table 1 shows
the laser sensor measurements when the sensor was placed at a distance of 930 mm

perpendicular to target coated with all of these materials.

Table 1. Laser sensor measurement errors
(when laser sensor is perpendicular to the target)

Material/color | Laser sensor | Error
used measurements | (in %)

(in mm)
White color 932.2393 0.24
Red color 937.7802 0.84
Orange color 936.9589 0.75
Aluminum 931.2392 0.13
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(polished)
Stainless 933.9255 042
steel
(Unpolished)
Table 2. Laser sensor measurement errors
(when laser sensor is at the worst angle)
Material/color | Laser sensor | Error (in
used measurements %)
(in mm)
White color 933.3101 0.36
Red color 936.874 0.74
Orange color 936.276 0.67
Aluminum 0 100
(polished)
Stainless 943.2503 1.42
steel
(Unpolished)
[0067] Table 2 above shows the laser sensor measurements when the sensor was

placed at a distance of 930 mm and scanning the farthest point on the target at the
worst angle (14°). In Table 2 it is evident that the polished aluminum reflector behaves
like a mirror and hence will not be a good choice for the target material. Using the above
experimental data, white color coating can be chosen for the target.

[0068] TARGET RECOGNITION METHOD

[0069] This section will explain the target recognition method used according to one

embodiment. Pattern recognition in wheeled mobile robots is used in vision-based

localization techniques. The pattern recognition techniques include different measures
like Image Euclidean distance and Hausdorff distance. Hausdorff distance is a measure
that is widely used in pattern recognition, because of its robustness to noise. In this
measure is used to compare pattern set ‘A’ with the image set ‘B’ obtained from the
camera feed on the wheeled mobile robot. An exact match is shown when the Hausdorff
distance between the two sets is zero. The definition for Hausdorff distance is described
in Eg. (3). Given two point sets A and B, the Hausdorff distance between A and B is

defined as
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H(A. B) = max(h(4, B). h(B. 4) )
where
h(4, B) =supinf [la-bl] ®)
acd bEB
and |[|.|| represents Euclidean norm. The function h (A, B) is called the directed

Hausdorff distance from A to B.

[0070] Target Recognition Algorithm

[0071] As mentioned above, a linear actuator and rotary actuator can provide the
laser sensor with linear and rotary motion capabilities. Of these, the rotary actuation is
adapted to scan the frontal area of an IWMR and the linear actuation is adapted to
increase the robustness (e.g., in case of an obstacle in front of the target). Here, the
assumption is that 1) the linear actuator position is on the left end of the guide way or 2)
at least the position at which the linear actuator is located when the laser sensor
measurements are taken is known. An exemplary pseudo code for the target
recognition method/algorithm is shown in Fig. 10.

[0072] InFig. 11, x, -y, shows the INMR body-fixed co-ordinates. The data collected

are 1) laser sensor measurements ‘m’ and 2) rotary actuators position ‘@’ with respect to

the positive x axis (which is associated with the laser sensor guide way). The pseudo

code explains clearly that the algorithm looks for two edges that have a minimum length
equal to the minimum depth of the target (e.g., 25 mm). Fig. 12 shows the scenario in

which |am|> smallest depth of the target condition is met and the edge detected is

shown.
X,| |mcosd
{YV}_{msinH} (5)

[0073] Target Recognition Algorithm

[0074] Eqg. (5) can be used to transform the entire set of data collected into INMR
co-ordinates (seen from the laser sensor). When two such edges are detected in the

measurements, corresponding time instant points in the IWMR body-fixed co-ordinate

10
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information (x, andy ) can be joined by a straight line. The algorithm makes sure that

the corresponding time instant points are from the front surface of the target.

[0075] The IWMR orientation determination section of the pseudo code is explained
with reference to Fig. 13. The fact that the target is placed with its surface along the
global x axis can be used in orientation determination. The slope of this line with respect
to x axis is equal to the negative of the orientation ® of IWMR in the global co-

ordinates.
X, | [cos® —sin® ]l X, (6)
Y, “|sin®  cos® Y,

[0076] Egq. (6) can be used to transform the edge points into the laser sensor co-

ordinates x,-y, (seen from the laser sensor). This x,—-y co-ordinate set is the additive

inverse of the global co-ordinates x — y. This has been introduced so that the templates
of the target can be translated to these co-ordinates and compared; to see if the target
is recognized (will be explained in detail below).

[0077] Target Template Generation

[0078] Three different templates need to be created for every target based on the
location of the IWMR. The three zones in front of the target where the IWMR could be
located for which three different templates are needed are shown in Fig. 14. In Fig. 14,
the edges are marked with numbers from 1 through 6 for easier reference. If the IWMR
is located in Zone |, edges 1, 3 and 5 will be seen by the laser sensor. If the IWMR is
located in Zone I, all 6 edges will be seen in the laser sensor measurements. Similarly,
if the IWMR is located in Zone lll, the laser sensor measurement will contain the edges
2,4 and 6.

[0079] Hence while choosing the template; this information can be included as
shown in Fig. 15. In order to have a generic template it is defined in global co-ordinates.
The generic template can be translated to the laser co-ordinates, which is explained
below. The Hausdorff distance between the templates and the transformed target
information is supposed to be zero (when they are exactly matched). Here, since the

laser sensor measurements are noisy, a small value instead of zero is used as the

11
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threshold of the Hausdorff distance. Such a threshold value can be experimentally
determined.

[0080] TARGET RECOGNITION EXPERIMENTAL VALIDATION

[0081] This section shows the experimental results of target recognition for both the

targets designed according to one embodiment. As explained above, the rotary actuator
motion is a priority in target recognition. The rotary actuator rotates at a constant speed
which can be chosen based on a few criteria:

e At this sampling rate the laser sensor measurements are Gaussian with a

standard deviation of about 3 mm.

e The laser sensor used should have a small amount of latency (0.01 sec, value
supplied by the manufacturer) for its measurements to be accurate. Thus, the
measurement sampling rate should not be greater than 100 Hz.

e When the rotary sensor is scanning the entire frontal area (180°), if the scanning
speed is too high, the laser sensor accuracy will be affected due to the fact

mentioned in the previous point.

[0082] Test runs at different speeds were done to choose the ideal speed of the
rotary actuator. These results are tabulated in Table 3 below. In these test runs, the

rotary actuator was oriented at 0° with respect to x axis of the IWMR and at a distance

of 675 mm to the target.

Table 3. Localization error for different rotary actuator speeds

Rotary Orientation Location
actuator error (in error
scanning deg) (in mm)

speed (Orientation  (Center —

(rad/s) - 00) 675 mm)

3.1416 8.4982 20

1.5708 5.2154 29

0.7854 1.8826 2.0

0.3927 0.2651 1.8

12
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[0083] From Table 3 it is clear that the localization accuracy is affected significantly
at high speeds, and when it gets lesser than 0.7854 rad/s, the accuracy does not
change much. Thus the 0.7854 rad/s speed can be used to perform target recognition,
because it takes less time (compared to 0.3927 rad/s) to scan the entire front area and
has good accuracy. The asymmetric target designed (shown in Fig. 8) was tested for
target recognition. Laser sensor measurements plotted against time (with more than two
edges identified by the algorithm) is provided in Fig. 16. It also shows the rotary
actuator’s position.

[0084] Determination of IWMR orientation in the global co-ordinates using the
exemplar method explained above is shown in Fig. 17. In this experiment, the IWMR
location is given as X = 0 mm and Y = - 615 mm with orientation = 45 deg. This is
equivalent to saying that the IWMR was in Zone Il, which is explained in Fig. 14. Fig. 18
shows the target shape in laser sensor co-ordinates, which can be obtained by using
Eq. (6).

[0085] To perform target recognition, the templates have to be translated from the
global co-ordinates to the laser sensor co-ordinates. For this translation, the fact that
“points on the front surface of the target are selected in the edge detection algorithm”
can be used. The entire template can be translated such that the points on the template
(those which correspond to the points on the front surface of the target) match the
points from the edge detection algorithm. In other words, the templates have to be

translated in the global x direction by x, . and in the global y direction by the
average of y values of points identified in the edge detection part.
[0086] Here, x,(,.)= -252.2514 mm and average of the ¥, values of the points

identified in edge detection = 617.2743 mm. Fig. 19 shows the moved template on top
of the data points and it can be seen that the minimum Hausdorff distance is obtained
when the center template matches. The vehicle orientation determined by the algorithm
may not be 100 % accurate due to the signal noises. This error in orientation results has
also affected the minimum value, which can be seen clearly from Fig. 19.

[0087] The IWMR was located in Zone |, oriented at 90 degrees and at a distance of
X =-300 mm and Y = - 550 mm for the next set of experiments.

13
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[0088] Fig. 20 shows the laser sensor measurements plotted against time, with more
than two edges being identified. It also shows the rotary actuator’s angular position
plotted versus time.
[0089] Fig. 21 shows the vehicle orientation in the global co-ordinates determined by
the exemplary method.
[0090] Fig. 22 and Fig. 25 show that this algorithm works even when the vehicle is
located in Zone | and Zone lll, where the algorithm selected the left and right templates,
respectively.
[0091] In Zone lll, the vehicle was oriented at O degrees and at a location X = 300
mm and Y = - 600 mm. The laser sensor measurements and rotary actuator position is
plotted against time in Fig. 23. IWMR orientation determined by the exemplary method
is shown in Fig. 24.
[0092] The symmetric target designed (shown in Fig. 9) was tested for target
recognition at the same experimental locations. The results are tabulated as a
comparison chart against target recognition for the asymmetric target in Table 4.

Table 4. Target recognition.

Location of IWMR (in | Target recognition,
mm) and orientation | Hausdorff distance (in

(in deg) mm)
X Y | ¢ | Zone | Asymmetric | Symmetric
target target
0 - |45 1 36.7957 31.4817
615
- - |90 2 40.9363 32.7109
300 | 550
300 - | O 3 37.7446 15.1800
600

[0093] Fig. 26 — Fig. 28 give a visual representation of the target recognition
algorithm for the symmetric target when the IWMR is located in Zone Il, Zone | and
Zone lll respectively. From Table 4 it can be seen that the Hausdorff distance value for
the symmetric target is smaller compared to that of the asymmetric target. This may be
attributed to the fact that the symmetric target has more number of edges than the

asymmetric target.
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[0094] |WMR LOCALIZATION METHOD AND RESULTS

[0095] The experimental results of the target recognition algorithm show that the

designed targets can be recognized. Although that in itself is a validation for the target
design, this section presents the experimental results that show the localization results
for the designed asymmetric target.

[0096] Fig. 29 shows a schematic design with the notations used in the exemplary
IWMR localization method. The angles measured with respect to the positive x-axis of
the IWMR body-fixed (X,) from the left end of the laser sensor guide way to the left and

right ends of the target are denoted byg,, g, respectively. Similarly the angles
measured with respect to the positive x-axis of the IWMR (X,) from the right end of the
laser sensor guide way to the left and right ends of the target are denoted byg ,

o,.,respectively. The laser sensor measurements from the left end of the laser sensor

guide way to the left and right ends of the target are denoted by ms and myg,
respectively, and the set of measurements from the right end of the laser sensor guide
way to the left and right ends of the target are denoted by my and mg2r, respectively.
[0097] Analytical determination of location and orientation

[0098] Here, the fact that a quadrilateral is formed between the two distance
measurements (my and mggr), the laser sensor guide way length (L) and the target
object length (/) can be used to find the orientation of the vehicle in the global co-
ordinates.

[0099] The area of quadrilateral using the sides and diagonals given in Eq. (7)
(which are known) can be equated to the area of quadrilateral using sides and the
angles included given in Eq. (8) (one of them is unknown). The unknown angle 8 can be

calculated from Eq. (9).

area_sides _diagonals =i\/4mm2mu2 —(m, +my —I* =) (7)
area _sides _angles = %me sin(4,) +%Zm2R sin(f) (8)

1 1 . 1 .

I m=n e P I = D, s, e i) )

The angle made by the line joining the right end of the laser sensor guide way to the
right end of the target with the global positive x axis (x) can be found from the previous
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step to be equal to the unknown quantity 8. The vehicle orientation with respect to the

global positive x-axis (x) ‘¢’ (shown in Fig. 29), can then be calculated using the

formula given in Eq. (10) and Eq. (11).

¢:‘92R -p (10)

$=6,, —sin? 1/2\/4”‘1R2”L2L2 ~(m," g’ =1 =LY ~Lmy sin6,
2R
Iy

(11)
The location of the vehicle (the left end of the scanner guide-way in this case) with
respect to the left end of the target on the vehicle co-ordinate axes can be found out

using simple kinematic analysis. Eq. (12) shows the formula for the same.

X, _ _u:(mlR _mlL)OosglL ”:(mLL _mlR)OosglR my (12)
Yy —u,(m—m,)sing, —u (m, —mg)sind || m,

Here, a unit step functiony (0 is included, whose value is 1 when its argument is non-

negative and zero otherwise. This unit step function is included so that based on the
laser sensor measurements, the IWMR location in quadrant IIl or quadrant IV can be
distinguished. Then the appropriate measurements can be used to determine the
IWMR'’s position. The location on the vehicle co-ordinate axis can then be transformed

to the global co-ordinate axis by using the transformation matrix shown in Eq. (13).
x| _[osg sing x| [ lme—m) u(m,-mp) |1 (13)
y] [-sing cosg] y, 0 0 L

[00100] Fig. 30 and Fig. 31 show the experimental results obtained using this
kinematic based localization technique, when the asymmetrical target is tested.

[00101] In Fig. 30, the left end of laser sensor guide way is physically placed at
x =-600, y =—400 and with an IWMR orientation of 0 degrees. The black square in Fig. 30
— Fig. 33 is the localization result using laser sensor measurements. In order to make

the figures self-explanatory, an IWMR is drawn around the laser sensor guide way.

Table 5. Localization results.

Actual | Localization | Localization
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location (in results (in mm) | results (in
mm) and deg)
orientation (in
deg)

X y @ x y @

- - 0 - -400 0
600 | 400 598.72
400 | - 0 |399.28 - 0

400 398.78

- - 190 | -200 - 90
200 | 400 398.54

- - | 45 - - 45
200 | 800 199.54 | 798.73

[00102] The experimental location and the localization results for the experiments
carried out in Fig. 30 — Fig. 33 is tabulated in Table 5 above. Fig. 32 and Fig. 33 show
the accuracy of the localization with experimental results when IWMR orientation is
other than O degrees.

[00103] From these experimental results, it will be appreciated by those skilled in the
art that the analytical determination for location and orientation works well, even with
noise filled laser sensor measurements.

[00104] ANALYSIS OF DESIGN PARAMETERS

[00105] Next, optimizing design parameters, e.g., a) length of the target and b) length

of the laser sensor guide way, will be described according to one embodiment. Eq. (10)
shows that noise in the laser distance measurements my and mor are related to the
design parameters. Though there will be noise in measurements msg and my., their
influence on the localization results generally cannot be minimized by optimizing the
design parameters. Hence, efforts are taken to reduce the influence of noise in
measurement my_ on the orientation results (d¢’).

[00106] Since the location results can depend directly on the orientation results,
design optimization of the target is done for the orientation results only. It can be
presumed that the preferred orientation results are - localization error has a magnitude
equal to or less than that of noise in measurements. The orientation formula in Eq. (10)

can be re-written as follows:
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sin(0,, — ¢) = 1/2\/4m1R2m2L2 —(m,  +my," =" =) —Lm,, sing, ] (14)
Imy,
, 1 2Jam, 2m,  — (O, +0m) +m 2 —P —D) —L(m, +om)sin@ (15)
sin(6y, —($+0¢") = i ~(my ;ZR e L
R

[00107] Subtracting Eq. (15) form Eq. (14)
Left hand side:

= sin(6y; — @) —sin(6,, —(¢+9") (16)
= Sin(6, ~ #)—sin(6,, ~ )

=sin(f, , — @) —sin(b,, — @) cos g '+ cos(,, — P)sin o'

=sin(d,, —P)1—cos op") +cos(d,, —P)sinog’

[00108] If we can assume &¢’ to be small, then under small angle approximation RHS
of Eqg. (16) can be rewritten as

=cos(b, —P)op’ (17)

[00109] Subtracting Eq. (15) from Eq. (14)
Right hand side:

Im,,

[1/2\/4mmzmu2 —(m,* +m,, =1 =) —Lm,, sin HlLl (1 8)

1 24f4m, 2 ~((my, +6m)’ +my 2~ =) —Lm, +5m)sin, 1

Imy,
| v2amim, —m my —P =LY —Lm, sing), (19)
Iy,
) 1/2\/4m1R2m2L2 —(my> =P - (1 +%)2 — L(my, +Sm)sing,
Im, ,
_ 1/2\/4’”11%2”7%2 _(mlL2 +mzR2 _Zz _L2)2 _LmiL sin 91L (20)
Iy,
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(m,> +25mmy, +Sm’)
(myg” =’ =L*)’

I,

1/2\/4mmzmu2 —(my, =1* =) (1+ Y —L(m,, +Sm)sin 6,

[00110] In Eq. (20) we can see that the term 26mm,, +0om*

(m2R2 _ ZZ _ L2)2
is going to go to zero, because we are dividing a small value dm by a denominator
which is the fourth power of measurements. When we equate this term to zero, the
terms inside the square root are exactly same and get cancelled. Thus the RHS

becomes
_| Zon, + Sm)sin g, — Lm, sin@), (21)
B Im,,
| Lomsing, (22)
Sy

[00111] Equating Eq. (17) and Eq.(22) we get
Lémsin QIL}: 5’ _{ Lsind, } (23)

cos(0,, —$)0¢' = { om | Im,, cos(0,, — @)

Im,,

[00112] In Eq. (23), left hand side is equal to or less than one if we want the error in
orientation results to be less in order than that of noise in measurement. This gives a

limit on the design parameters which is given in Eq. (24).
L < {mm cos(b,, —¢)} (24)

N sindg,,

[00113] The right hand side of the above expression can vary between [0, M2rmax].
Here, mormax is the maximum value of mogr. Though mathematically, Eq. (24) has a
lower bound of 0, realistically we can say that

(25)

—= mZRmaX

)

[00114] The reasoning behind that is — If we have L = 0, then the technique might lose
its robustness. When the laser sensor is made to stand at a single point there is a
chance that the target might not be detected. Hence Eq. (25) is the choice for an upper

bound. Continuing, there is also a lower limit on the design parameters. In one
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embodiment, the design parameters have to be greater than twice the value of noise in
the laser sensor distance measurements. This gives a lower bound on the design
parameters given in Eq. (26). In EQ. (26) /nax denotes the maximum length of the target.

£2 20m (26)
[

max

[00115] SIMULATION RESULTS — LOCALIZATION

[00116] In this section the simulations that were carried on according to one
embodiment to evaluate the vehicle orientation and localization formulae are shown. In
particular, a MATLAB based code was developed for the same and the results are
shown below. In this simulation, the noise of measurements is approximated by a white
Gaussian noise. Fig. 34 and Fig. 35 show the accuracy of the kinematic based
localization results when the vehicle is located in fourth and third quadrants
respectively. To facilitate understanding by those skilled in the art, a black rectangle is
drawn around the laser sensor guide way which shows the IWMR itself.

[00117] In Fig. 34, the left end of the laser sensor guide way is zoomed in to show
that the sensor location — left and the localization without noise in measurement
matches perfectly. The localization with noise in measurement has small error, but it is
of the order of 0.001 in both X’ and ‘y’ directions.

[00118] Fig. 36 and Fig. 37 show the accuracy of the localization algorithm when the
orientation is different from 0 degrees.

[00119] In one example, sensor noise was considered to be 2% with Mmormax = 2. For
such a sensor, the optimal design parameters will be L = 2*|. Fig. 38 shows that, when
L = 4%, the error in orientation result is 1 degrees.

[00120] Fig. 39 shows the error in results when the length of the target is 0.01units
which is lesser than 20m (0.04).

[00121] SIMULATION RESULTS — INFLUENCE OF DESIGN PARAMETERS

[00122] In this section the simulations that were carried on to evaluate the design

parameter analysis are shown. Fig. 40 shows the error in orientation results vs. noise in
measurements as a function of L/. At first sight it may seem like having a large target

alone can reduce the influence of noise in measurement on the localization results. But
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the entire analysis in the preceding section showed that the ratio between the design
parameters is more important.

[00123] In this plot the target length ‘f is increased along with an increase in the laser
sensor guide way length ‘L’ such that increase in L is greater. Intuitively one might
suggest that increase in target length has to give better localization results. But Fig. 40
shows that the localization results get worse with an increase in the target length ‘I but
a proportionally higher increase in laser sensor guide way length ‘L’. Moreover, the
simulation results show that the localization accuracy becomes worse with increasing L//
ratio, which is consistent with the analysis presented in the preceding section.

[00124] The assumption thus far in the entire work is that 64, 81r, 021, B2r are known
accurately. But the assumption cannot be always true due to limitations on the finite
resolutions of angular measurements. The angular measurements have their own
accuracy which will influence the orientation results as seen from the equations above.
In order to have a rough estimate on how the results are going to be affected by the
angular measurement resolution error, the plot shown in Fig. 41 is generated by
simulations. This can be helpful in choosing angular measurement devices depending
upon the level of accuracy desired.

[00125] This disclosure presents an IWMR global localization technique using only an
onboard laser sensor. Laser sensor is used to recognize the pattern of a unique target,
which in turn is used as the reference to localize globally. A kinematic model for the
global localization of IWMR using laser sensor alone was developed and presented.
Also, the target design and the target recognition technique are presented. Hausdorff
distance based template comparison technique was used as the target recognition
approach.

[00126] The experimental results show clearly that this technique can be implemented
merely placing the designed target in a known global location in an unknown
environment. The experimental results show that error in localization results is lesser
than the error in laser sensor measurements which shows that this technique is robust
to noise.

[00127] It will further be appreciated that several of the above-disclosed and other

features and functions, or alternatives or varieties thereof, may be desirably combined
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into many other different systems or applications. Also that various presently

unforeseen or unanticipated alternatives, modifications, variations or improvements

therein may be subsequently made by those skilled in the art which are also intended to

be encompassed by the present disclosure and/or the following claims.
[00128] Nomenclature

d;

Wi

61

O1r

621

O2r

mq

Us

xv’-yv

X,y
om

o

Length of the target

Depth of edge ; in the target

Width of depth ; in the target

Length of the laser sensor guide way

Angle made by the laser sensor from the left end on the guide way to the left end
of the target with positive x axis.

Angle made by the laser sensor from the left end on the guide way to the right
end of the target with positive x axis.

Angle made by the laser sensor from the right end on the guide way to the left
end of the target with positive x axis.

Angle made by the laser sensor from the right end on the guide way to the right
end of the target with positive x axis.

IWMR orientation with respect to the positive Xv axis used for target recognition
alone.

Measurements denoted using the same convention as the angles above.
Unit step function

IWMR body-fixed co-ordinates.

IWMR orientation by localization.

IWMR location in the body-fixed coordinates.
IWMR location in global co-ordinates.

Noise in measurement of my.

Error in orientation results due to noise in measurements.
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O0®’  Error in orientation results due to dm alone.

Imax Maximum length of the target.
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CLAIMS

1. A mobile robot target system, comprising:
a target having a surface with depth variations; and
a mobile robot having a laser sensor mounted thereon for scanning the target to

localize the robot.

2. A target system, comprising:
a target having a surface with depth variations; and

a laser sensor adapted to scan the target for localization.

3. The target system of one of claims 1 or 2 wherein the surface of the target
has uniquely combined depth variations such that the target is unique in shape and/or

the surface of the target has at least two edge depth variations.

4. The target system of claim 3 wherein each depth variation includes a edge
depth to width ratio and the edge depth to width ratio is based on a worst angle of the

laser sensor.

5. The target system of claim 4 wherein the laser sensor has rotary and

linear motion capabilities.

6. The target system of claim 4 wherein the worst angle of the laser sensor is
the angle at which the laser sensor loses accuracy due to refraction of signal and/or an

entire length of the target cannot be seen by the laser sensor.

7. The target system of claim 4 wherein the edge depth to width ratio is less

than or equal to a tangent of the worst angle.
8. The target system of one of claims 1 or 2 wherein the surface of the target

is one of: polished aluminum, unpolished stainless steel, a white coating, a red coating,

or an orange coating.
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9. The target system of claim 8 wherein the surface of the target is a white
coating.

10. A method for localizing a wheeled robot/vehicle using a laser sensor,

comprising:

collecting and storing laser sensor measurements to a target and rotary
actuator angular positions of the laser sensor;

detecting edges on a target based on laser sensor measurements and
rotary actuator angular positions;

transforming collected measurements and angular positions into vehicular
coordinates;

identifying vehicular coordinates corresponding to the detected edges of
the target; and

determining global coordinates for the identified vehicular coordinates.

11.  The method of claim 10 wherein the determined global coordinates are

compared with templates of the target to confirm that the target has been recognized.

12.  The method of claim 11 wherein Hausdorff distances between the
determined global coordinates and the templates are minimized.

13.  The method of any one of claims 10-12 further including:
generating templates for the target.

14. The method of any one of claims 10-13 wherein determining the global
coordinates includes:

joining the identified vehicular coordinates in a straight line; and

determining the slope of the straight line to determine an orientation of the
robot/vehicle.
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15. The method of one of claims 10-14 further including determining the

orientation of the wheeled robot/vehicle in the determined global coordinates.

16.  The method of one of claims 10-15 further including reducing the influence

of noise in the laser sensor measurements on the determined global coordinates.

17. The method of claim 16 further including approximating the noise of the

laser sensor measurements by a white Gaussian noise.

18.  The method of one of claims 10-17 wherein the target is one of the targets
of claims 1-9.
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5121

1} Buffer time > front area scanning time.
2} Collect and store 'w' and '¢' for buffer time. (Fig. 11)
3)  Edge delection criteria

o Amj=m;-m.], where [ denotes sampling index
‘Am; > smallest depth of the targel.
4} Detect at least two such edges (Fig. 12).

50 FAm>0

Select 11,5

C

Else
Select 4

This will make sure points on front surface of the target are selected.
6)  Using Eq. (5) given below transform the data collected into IWMR co-
ordinates plot Xy and 1y,
7)  Select points Preg = [Xpft) Tolt)] 0 Ppoy = [Xofti-) Yltig)]
corresponding to times instants chosen in step 5.
8)  Join Pyegls o Ppoy's by @ straight line (Fig, 13),
9 IWMR orientation '®' = slope of line in step 8 (Fig. 13},
10} Using Eg. (6) ransform these into laser sensor co-ordinates (X7and 7).
11} Move the template on top of this data setl.
12)  Determine g4 p) from Eq. (3), where 4=47and ¥ data, and B = Moved
template data.
13} If Hausdorff distance < small cutoff value Select template malch.

FIG. 10
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