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VISUAL SEGMENTATION OF LAWN GRASS

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims the priority benefit of U.S. Provisional Patent Application Serial No.
61/269,962 filed July 1, 2009; U.S. Provisional Patent Application Serial No. 61/339,868 filed

March 10, 2010; and U.S. Provisional Patent Application Serial No. 61/355,935 filed June 17, 2010.

FIELD OF THE INVENTION

[0002] This invention relates generally to a method of identifying lawn grass. In particular, it

relates to a method of identifying lawn grass for use with an autonomous lawnmower.

BACKGROUND OF THE INVENTION

[0003] Autonomous robots are increasingly becoming part of our daily lives. Autonomous
lawnmowers have recently gained popularity, yet, currently available consumer versions do not
possess the ability to sense obstacles from a distance. It is known that LIDAR can sense
obstacles from a distance; however, it is cost prohibitive to place a LIDAR unit on a consumer
lawnmower. Accordingly, there is a need to develop a cost-effective obstacle detection method for

an autonomous lawnmower.

SUMMARY OF THE INVENTION

[0004] A method for identifying lawn grass comprising capturing an image of the terrain in front of
a mower, segmenting the image into neighborhoods, calculating at least two image statistics for
each of the neighborhoods, and generating a binary representation of each image statistic. The
binary representation of each image statistic is generated by comparing the calculated image

statistics to predetermined image statistics for grass. The method further comprises weighting
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each of the binary representations of each image statistic and summing corresponding
neighborhoods for all image statistics. A binary threshold is applied to each of the summed
neighborhoods to generate a binary map representing grass containing areas and non-grass

containing areas.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] These and other aspects of the invention will be understood from the description and
claims herein, taken together with the drawings showing details of construction and illustrative
embodiments, wherein:

[OOOGj Figure 1 illustrates a side view of an autonomous robotic mower in accordance with an
embodiment of the present invention.

[0007] Figure 2 illustrates a front view of an autonomous robotic mower in accordance with an
embodiment of the present invention.

[0008] Figures 3a-b contain a flow chart in accordance with an embodiment of the present
invention.

[0009] Figure 4 illustrates the creation of a binary representation of an image statistic by
comparing neighborhood values of the image statistic to a predetermined image statistic for grass
‘in_accordance with an embodiment of the present invention.

[0010] Figures 5a-b illustrate the multiplication of resulting binary images for the neighborhood
statistics created in block 375 by their normalized coefficients in accordance with an embodiment
of the present invention.

[0011] Figure 6 contains a flow chart in accordance with an embodiment of the present
invention.

[0012] Figure 7 contains a block diagram of a vision system in accordance with an

embodiment of the present invention.
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DETAILED DESCRIPTION OF THE INVENTION

[0013]  Approximating language, as used herein throughout the specification and claims, may
be applied to modify any quantitative representation that could permissibly vary without resulting in
a change in the basic function to which it is related. Accordingly, a value modified by a term or
terms, such as “about’, is not limited to the precise value specified. In at least some instances, the
approximating language may correspond to the precision of an instrument for measuring the value.
Range limitations may be combinéd and/or interchanged, and such ranges are identified and
include all the sub-ranges stated herein unless context or language indicates otherwise. Other
than in the operating examples or where otherwise indicated, all numbers or expressions referring
to quantities of ingredients, reaction conditions and the like, used in the specification and the
claims, are to be understood as modified in all instances by the term “about”.

[0014] “Optional” or “optionally” means that the subsequently described event or circumstance
may or may not occur, or that the subsequently identified material may or may not be present, and
that the description includes instances where the event or circumstance occurs or where the
material is present, and instances where the event or circumstance does not occur or the material
is not present. '

[0015]  As used herein, the terms “comprises”, “comprising”, “includes”, “including”, “has”,
‘having”, or any other variation thereof, are intended to cover a non-exclusive inclusion. For
example, a process, method, article or apparatus that comprises a list of elements is not
necessarily limited to only those elements, but may include other elements not expressly listed or
inherent to such process, method, article, or apparatus.

[0016] The singular forms “a”, “an”, and “the” include plural referents unless the context clearly

dictates otherwise.
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[0017] One embodiment of an obstacle detection method that can be used for vision processing
in an autonomous lawnmower is to identify driveable terrain around the lawnmower through the
identification of grass in images segmented into regions, or “neighborhoods”. Observed image
regions that do not match the measured grass statistics are marked as “obstacle containing
regions” and observed image regions that do match the measured grass statistics are marked as
“grass containing regions.” This creates a binary freespace map around the robot for every

camera frame, which is abstracted into range images.

[0018] Turning now to an embodiment of the invention as shown in Figures 3a-b, in block 300,
image data is captured of the terrain in front of the lawnmower. In the preferred embodiment, the
data is acquired using a camera mounted on the top of the lawnmower elevated 0.75 meters at an
angle of —45° to the horizontal. In test runs of the preferred embodiment, logged images included
the following objects and conditions; 640x480 resolution images of fully illuminated grass, as well
as 50x50 image regions taken at 640x480 resolution of each of the following obstacle surfaces:
shaded grass, flowerbed edging, flowers, blue jeans, and a soccer ball. Statistical measurements
~ were collected for a mixture of both illuminated and shaded obstacles to simulate common
conditions an autonomous lawnmower may encounter. In one embodiment, the camera is an
ImagingSource DFK21AF04 FireWire camera with a Kowa LM4PBR 4.0mm F1.2 CS-Mount lens.
The camera captures 640x480 resolution images at 30 frames/sec and is connected via firewire to
a 1.83 GHz Mac Mini running Windows XP with 4GB of memory. It is contemplated that a person
having ordinary skill in the art can choose to use a different camera and/or hardware to process the
images captured by the camera. Figs. 1-2 show different views of an autonomous lawnmower 100
having camera 105 and an optional second camera 110. It is contemplated that some

embodiments can have more than one camera.
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[0019] In block 305, the hue component of the HSL color vector is calculated and extracted from
the RGB image captured in block 300. Unlike RGB color values, hue values at corresponding
saturation values have been found to be insensitive to shadows and changing lighting conditions.
Since the raw camera image captured in block 300 are represented in the RGB color space, it is

first necessary to calculate the hue component of the HSL color vector according to:

05 r—g + r-b

{
h=cos™ - | heOx forbsg
r-g + r-b g-»%

11—’?1—cos"‘I 05 r-g +r-b%
{ r—gaé r-b g-b

M] he 7,2x forb>g

where h is the normalized hue component and r, g, and b are the normalized components of the

original RGB vector. The normalized RGB components are given by:

e R
R+G+B
_ G

& R+G+B

po—2B
R+G+B

[0020] Since HSL color space can be represented by a cone where all possible hue values lie on
the cone’s plane base, hue values can be represented by an integer in the range [0, 360]. These
values are represented as integers due to the way colors are represented in digital images. Since h
is the normalized hue component, it is necessary to scale the normalized hue component h into the

[0, 360] range through the equation:

H= (im)(@j
T
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where (int) represents a typecasting operation of the scaled value into an integer and H is the
scaled hue component of the HSL color vector. It is important to note that singularities occur when
r, g, and b lie along the RGB color cube's grayline and therefore have the same numerical value.
This results from color representation in the HSL color model where white, black, and grays have

an undefined hue.

[0021] In block 310, the intensity plane is extracted from the image captured in block 310 by
converting each pixel of the RGB image captured by the camera in block 300 into an unblurred
grayscale image by extracting the intensity component /, of the HSL color model where / is given
by the mean value of the RGB components for individual pixels, or:

j_RtG+B

3

[0022] In block 315, the vertical edge response is extracted from the unblurred grayscale image
created in block 310 by convolving the image within a vertical (Gy) Prewitt convolution kernel,

respectively given by:

+1 +1 +1

[0023] In block 325, the horizontal edge response is extracted from the unblurred grayscale
image created in block 310 by convolving the image with a horizontal (Gx) Prewitt convolution
kernel, respectively given by:

-1 0 +1
Gx=|-1 0 +I
-1 0 +1
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[0024] In both blocks 315 and 325, the convolution operation computes the edge strength based

on grayscale intensity values of a pixel and its eight adjacent neighbors and plots the magnitude of

the edge strength in the center pixel. The 2D spatial convolution operation is given by:

~

1 K-

E(x, y)= G(j,K)(x~j,y—k)

k=0

~
]
o

where E(x,y) is the computed edge strength of a pixel located in the center of a 3x3 neighborhood
located at (x,y) in the image, j = J-1 and k = K-1 are the indices of the convolution kernel G, and
I(a,b) is the intensity value of a pixel located at the input coordinate pair (a,b). Convolving the
image with Gx and Gy generates two new images that indicate edge résponse for the given filter,
wherein the pixel intensity given by an integer value indicates the edge strength at that pixel
location. We refer to the resulting images as “horizontal-” and “vertical texture images,”
respectively. In one embodiment, the integer value is between [0, 255], but it is contemplated that
a person having ordinary skill in the art can choose to use other ranges. In this application, we

define “visual texture” as a collection of edges within an image region or “neighborhood.”

[0025] In block 320, using the grayscale image produced in block 315, a vertical binary texture
image is created by discarding edge strengths below an empirical threshold and setting
corresponding pixel locations of edge strength above the threshold in a binary image equal to 1.
Pixel groupings with an area of 1 in the binary image are removed. In one embodiment, the
empirically determined threshold is 21, but it is contemplated that a person having ordinary skill in
the art can choose to use a different threshold value. Unconnected pixels in the vertical binary

texture image are also removed.

[0026] In block 325, using the grayscale image produced in block 330, a horizontal binary texture

image is created by discarding edge strengths below an empirical threshold and setting
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corresponding pixel locations of edge strength above the threshold in a binary image equal to 1.
Pixel groupings with an area of 1 in the binary image are removed. In one embodiment, the
empirically determined threshold is 21, but it is contemplated that a person having ordinary skill in
the art can choose to use a different threshold value. Unconnected pixels in the horizontal binary

texture image are also removed.

[0027] In block 335, the corresponding horizontal and binary vertical texture images created in
blocks 320 and 330 are combined to yield a directionally ambiguous binary texture image

corresponding to a grayscale version of the image captured in block 300.

[0028] in block 340, the images produced'in blocks 305, 315, 320, 325, 330, and 335 are each
divided up into neighborhoods. In one embodiment, these neighborhoods range frorﬁ 11x11 to
41x41 pixels in increments of 10 pixels, however it is contemplated that a person having ordinary
skill in the art can choose to use a larger or smaller neighborhood. The operations that take place
in block 340 are detailed below in blocks 345-375, in which the image statistics are calculated fbr
each neighborhood of the image captured in step 300. The image statistics include the mean hue
(block 345) and the following edge based texture statistics: the mean grayscale horizontal intensity
value (block 350), mean grayscale vertical intensity value (block 350), vertical binary variance
(bloL:k 355), mean vertical binary edge response area (block 355), horizontal and vertical
neighborhood centroid location in directionally invariant binary texture image (block 360), horizontal

binary variance (block 365), and mean horizontal binary edge response area (block 365).

[0029] Although this embodiment is discussed with reference to the neighborhood statistics listed
in the paragraph above, it is understood that a person having ordinary skill in the art can choose to

use more, less, or other image statistics.
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[0030] In blocks 345, the mean hue of each neighborhood is calculated using the image produced
in block 305. The mean hue value is calculated individually for each neighborhood by summing up
all the mean hue pixel values for each neighborhood in the image generated in block 305, and
dividing by the total number of pixels within the neighborhood. This is done for each neighborhood
in the image. Accordingly, a mean hue image statistic value is calculated for each neighborhood in

the image.

[0031] In block 350, the mean grayscale horizontal and vertical intensity value of each
neighborhood is calculated. The mean grayscale horizontal intensity value is calculated
individually for each neighborhood by summing up all pixel values for each neighborhood in the
image generated in block 325 and dividing by the total number of pixels within the neighborhood.
This is done for each neighborhood in the image. Accordingly, a mean grayscale horizontal

intensity image statistic value is calculated for each neighborhood in the image.

1[0032] Further, in block 350, the mean grayscale vertical intensity value is calculated individually
for each neighborhood by summing up all the pixel values for each neighborhood in the image
generated in block 315 and dividing by the total number of pixels within the neighborhood. This is
done for each neighborhood in the image. Accordingly, a mean grayscale vertical intensity image

statistic value is calculated for each neighborhood in the image.

[0033] In block 355 and 365, the variance of each neighborhood, Var(R), in the vertical binary
texture image produced in block 320 and the horizontal binary texture image produced in block 330

are computed by:

Var(R) = (Zx _)—(%_ N

where X is the binary value of the current pixel, .X is the mean value of the pixels within the square

neighborhood, and n is the area of the neighborhood, given by the total number of pixels within the
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neighborhood. Since the variance of a binary neighborhood is being computed, this reduces to a
polynomial in one dimension

(+~(7)

Var(R)= (n_])

where w is the number of pixels in the neighborhood above the binary threshold. Accordingly, a
vertical binary variance image statistic value and horizontal binary variance image statistic value is

calculated for each neighborhood in the image.

[0034] Further, in blocks 355 and 365, the mean vertical binary edge response area and the
mean horizontal binary edge response area is calculated for each neighborhood in the vertical

binary texture image produced in block 320 and the horizontal binary texture image produced in

block 330. These image statistics values are computed by: M, =3 x'yI(xy)
x oy

where the calculated moment M, is given by the summation over the x and y dimensions of the

pixel neighborhood, and i and j correspond to the index of the calculated moment. The binary area

is given by M,,. Accordingly, a mean vertical binary edge response area statistic value and

horizontal binary edge response area statistic value is calculated for each neighborhood in the

image.

[0035] In block 360, the horizontal and vertical centroid location image statistic values for each
neighborhood within the neighborhood,;and;, respectively, of the directionally ambiguous

texture image generated in block 335 is calculated by:

_=MV
x MOO

and
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[0036] Accordingly, a horizontal and vertical centroid location statistic value is calculated for each

neighborhood in the image.

[0037] Next, in blocks 370 and 375, the image statistics values for each neighborhood generated
in blocks 345-365 are compared to predetermined neighborhood statistic values for grass. During
this process, the value of each statistic in each individual neighborhood is compared to
corresponding predetermined neighborhood statistics for grass. For each statistic, a binary
(grass/not grass) representation of neighborhoods having mowable terrain is created. Accordingly,
for each statistic, a neighborhood having a statistic value within a predetermined number of
standard deviations of the corresponding predetermined image statistic value for grass is marked
as grass (or assigned a “1”) and neighborhoods that fall out of this range are marked as obstacle
containing (or assigned a “0”). In some embodiments, the predetermined number of standard
deviations is 3, and in other embodiments, the predetermined number of standard deviations is 2,
but it is contemblated that a person having ordinary skill in the art can choose another
predetermined number of standard deviations. Accordingly, this creates a binary (grass/not grass)

representation of driveable terrain of the neighborhoods.

[{pe 1}

[0038] This process is demonstrated in Fig. 4, in which neigﬁborhood values for statistic “a” are
displayed for an image segmented into nine neighborhoods. The predetermined neighborhood
statistic value for statistic “a” is 10, the standard deviation for “a” is 1, and the number of standard
deviations being used is 3. Accordingly, a binary image is produced for statistic “a” in which all of
the neighborhoods having values between 7 and 13 are assigned a ‘1" and all of the
neighborhoods having values falling outside of the 7-13 range are assigned a “0". For the
purposes of this example, statistic “a” can be any statistic, such as mean grayscale vertical

intensity value, vertical binary variance, or mean vertical binary edge response area.
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[0039] The predetermined neighborhood statistic values used in one embodiment of the invention
can be found in Table 1. However, it is contemplated a person having ordinary skill in the art can

choose to use other statistical values.

[0040] The predetermined neighborhood statistic value for hue is not listed in the table, but in one
embodiment of the invention that uses a 31x31 pixel neighborhood, the mean hue value is h=

180.04, with a standard deviation of &-(72)=30.08.

TABLE | .
NEIGHBORHOOD STATISTICS FOR NEIGHBORHOOD SIZE OF 31

{lluminated Grass Shaded Grass Flowerbed Edging Flowers Jeans Soccer Ball
Measurement
} (hTx, vTx) (-0.922, -10.169) (-.027, -4.685) (1.408, -5.644) (-4.334,-13.333) (0.251,-7.427) (-4.739,-17.794)
o } Y (hTx. vTx) (5.053,3.288) (1.637, 1.225) (5.749,6.764)  (17.224,12.480) (8.535,4.655) (15.448,12.688)
Var(R) (hTx. vTx) (0.231,0.225) (0.164, 0.144) (0.088,0.124) (0.172,0.191) (0.090, 0.065) (0.068, 0.098)
O (1a(R) (hTx. vTx) (0.010,0.014) (0.039,0.045) (0.075, 0.066) (0.0519, 0.0419) (0.053,0.067) (0.056,0.062)

(350.590, 332.810)  (203.90, 172.80) (103.80, 150.70) (221.30,261.20)  (101.40, 76.10) (74.90, 112.40)

Z (hTx, vTx)

(31.976, 39.559) (59.056, 57.965) (94.373,92.161) (76.288,83.751)  (64.547,87.778) (65.829, 73.552)

O (A4) (hTx, vTx)

(x.y)

(15.368, 15.015)

(15.415, 14.570)

(7.465, 13.008)

(16.691, 15.120)

(15.527,13.126)

(18.407, 14.952)

O(x.y)

(0.606, 0.599)

(0.951,0.722)

(2.564, 1.067)

(2.469, 2.000)

(2.473,6.364)

(6.152,5.322)

[0041] The predetermined neighborhood statistic values were calculated from randomly selected
neighborhoods that were randomly selected from images in two data sets taken between 9:00 AM
and 11:59 AM on August 31, 2009. All the neighborhoods contained only one type of surface. For
example: neighborhoods containing illuminated grass contained only illuminated grass, shaded
grass contained only shaded grass, and plastic fence neighborhoods contained only plastic
fencing. Images from both sets were recorded on a plot of land which contained a mixture of rye,
blue, and creeping red fescue grasses. These data sets were chosen for analysis for several

reasons.

10042] First, this grass mixture is the most common type of lawn grass found in the Midwest, and

therefore results represent an accurate performance indicator of hue- and texture-based grass
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identification in a real-world environment. Second, data collection times are representative of
typical times people tend to mow their lawns. Both data sets maintained constant lighting
conditions, where the sun was visible at all times and never obscured by cloud cover when images

were recorded.

[0043] By randomly selecting neighborhoods from both data sets, calculated statistics are valid for
multiple times of day and are therefore not tuned to function only under specific, time dependent

conditions.

[0044] Grass identification via some of these statistics was tested on 40 randomly selected
samples of 31x31 neighborhoods containing: illuminated grass, shaded grass, artificial obstacles,
and flowers. These results are tabulated in Table 2, which lists the number of correctly identified
texture regions. Hue correctly identified 21/40 samples (52% accuracy) of shaded grass, 32/40
(80%) of artificial obstacles, and 16/40 (40% of flowers correctly. llluminated grass was correctly
identified with at least (38/40) 95% accuracy for all texture measurements except mean vertical
grayscale intensity. Shaded grass was identified with at least 90% accuracy for all texture
measurements except the mean vertical grayscale intensity. Binary horizontal variance and binary

horizontal and vertical area identified obstacles correctly with at least 87.5% accuracy.

TABLE2
NUMBER OF CORRECTLY IDENTIFIED TEXTURE REGIONS

Measurement Hue Var(R) . Var(R) ,p, -,_4th A oTx (x. ; ) ?th 1o
Illuminated Grass 40 40 40 38 38 40 38 14
Shaded Grass 21 36 36 36 36 39 40 8
Artificial Obstacles 32 37 31 35 35 28 10 33
Flowers 16 11 5 9 9 21 14 27

[0045] As is demonstrated in Table 2 above, some image statistics exhibit better performance

than others for recognizing grass. Accordingly, a weighting coefficient is applied to the



WO 2011/002512 PCT/US2010/001881

040158 1788P2 PCT
14

neighborhoods of image statistics produced in block 375 prior to the weighted statistics being

added together in block 385.

[0046] In one embodiment of the invention, the performance of each neighborhood statistic is
estimated by its ability to correctly classify 40 sample neighborhoods e€ach of illuminated grass,
shaded grass, and obstacles. These estimates were then used to generate a weighting coefficient
for individual neighborhood statistic:

_€

illum

+ Cshaded + Cob.\')
120

where a is the normalized weighting coefficient and Ciwm, Cshaded, and Cops are the number of
correctly identified neighborhoods of illuminated grass, shaded grass, and obstacles respectively.
Each weighting coefficient is normalized by dividing the coefficient by the total number of image
measurements (40 x 3=120 in this embodiment) to generate a normalized weighting coefficient

between [0,1].

[0047] Table 3 contains pre-weight coefficients for each image statistic based on Table 2, and

X  statistics:

Table 4 contains the normalized pre-weight coefficients for s

Weight Coeff. Hue Farl®re Vol®u 437 Aviy (03 Ip;e v
a Q37560 Q416 2.50:¢6 0.5083 0.6083 0.3916 Q.

TABLE 3: Pre-weight coefficients for each statistic.

Normalized Coeff. Hue ar(R) h Ty Par(R) vy 4 hTx I vIy (x,3)

eNorm G.1458 0.1773 0.1677 0.1708 ¢.1708 0.1637

TABLE +: Normalized pre-weight coefficients for six identifiers.

[0048] In one embodiment, the resulting neighborhood statistics binary images created in block
375 are multiplied by their normalized coefficients and added together. More specifically, the
resulting binary images for the neighborhood statistics are multiplied by their normalized

. coefficients. Then, corresponding neighborhoods are added with their applied weights to generate
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a grayscale representation of mowable terrain in the image, known as a probability map. The
likelihood of a neighborhood containing grass is determined by the sum of the weighted statistics

for the neighborhood.

[0049] In this embodiment, if a binary neighborhood is identified as grass containing for a
neighborhood statistic, and the statistic’s normalized weighting coefficient is 0.1, the likelihood of
that neighborhood containing grass based on the neighborhood statistic increases by 0.1. This is
repeated for all statistics for that neighborhood, such that the normalized weighting coefficients for
the corresponding neighborhood statistics indicating “grass” are added together and multiplied by 1
and the corresponding normalized weighting coefficients for the corresponding neighborhood
- statistics indicating “not grass” are added together and multiplied by 0. The weighted “grass” and
“not grass” results are added together and indicate the likelihood that the neighborhood contains

grass.

[0050] This concept can be illustrated by looking at Figs. 5a-b in which five neighborhood
statistics are used to identify grass in an image that is segmented into nine neighborhoods. Four of
the neighborhood statistics are equally weighted and one has a weight twice that of the others.
The neighborhood of interest is located at the upper left hand corner of the image and designated

by the bold number.

[0051] For simplicity purposes, the statistics are identified as a through e. Looking at Fig. 5a,
statistics a through d have been assigned a weight of 1/6, and e has been assigned a weight of
1/3. Now, assume that statistics a, ¢, and e identify the neighborhood as grass, indicated by a
binary value of 1. Neighborhood statistics b and d state that the neighborhood of interest is not

grass, indicated by a 0.
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[0052] Fig. 5b iflustrates the neighborhood statistics in the segmented binary texture images after
the neighborhood statistics are multiplied by their normalized coefficients. Once the statistics for

the neighborhood of interest are added up, the likelihood L, or probability, of that neighborhood

being grass is:
L:]*(l.{.l_}_l)_{_o*(l_i_.]_):g
6 6 3 6 6, 3
[0053] In another embodiment, also illustrated by Fig. 5a, the likelihood L of the neighborhood of

interest containing grass is calculated by adding up the normalized coefficients of the

neighborhood statistics which identify the neighborhood of interest as grass:
L= (l + l + l) = z
6 6 3) 3

[0054] In block 390, using the neighborhood probability information produced in block 385, a
binary grass image map is created by assigning a “0" to all of the pixels in corresponding
neighborhood locations having a probability of containing grass below an empirical threshold as not
containing grass (assigned a “0"), and assigning a “1" to all of the pixels in corresponding
neighborhood locations having a probability of containing grass above the threshold. Pixel
groupings with an area of 1 in the binary image are removed. Accordingly, areas assigned a “1”
represent grass containing areas, and areas assigned a “0" represent obstacle containing areas

where no grass is present.

[0055] In one embodiment, a scale of [0,1] and an empirically determined probability threshold of
0.50 were used. In another embodiment, a scale of [0,1] and an empirically determined probability
threshold of 0.75 were used. However, it is contemplated that a person having ordinary skill in the

art can choose to use a different threshold value and/or scale.



WO 2011/002512 PCT/US2010/001881

040158 1788P2 PCT
17

[0056] Grass identification using combined statistics was tested on 40 randomly selected samples
of 31x31 neighborhoods containing the same objects that were used for individual texture
measurements. The combined statistical measurements relied on the six neighborhood statistics

that are contained in Table 4 below. The weighting coefficients were normalized for the six

neighborhood statistics.

Normalized Coeff. Hue Far(® 1y Far(RY 1y ApTx ATy (x.3)
aNorm 0.1458 01771 01677 01768 01703 0.4677

TABLE 4: Normalized pre-weight coefficients for six identifiers.

[0057] In this test, correct neighborhood identification was deemed to occur if the neighborhood
was correctly identified as grass or obstacle containing with a voting agreement greater than 0.5
(or 50%). Since each of the utilized neighborhood statistics had approximately the same individual
accuracy, this corresponds to the majority of the neighborhoods identifying the neighborhood as
either grass containing or obstacle containing. Neighborhood identification rates were also
calculated for a voting agreement greater than 0.75 (or 75%). The number of correctly identified
neighborhoods based on this criterion of the combined statistics for the neighborhoods are

tabulated below is Table 5.

Measurement  Combined (30% Voiing Threshold) ~ Combined {73% Voting Thresheld)

Grass 40 %
Shadow 3g 33
Artificial Obatacles 32 3¢
Flowers 6 13

TABLE 3: Nwnber of correctly identified 31x31 neighborkoods for combined measurement (n=40 for each
measurement).

[0058] For 0.5 (50%) voting agreement or greater, the ability to correctly identify shaded grass
increases compared to nearly all statistics to 38/40 (95%) when combining multiple neighborhood
statistics. llluminated grass is still recognized with 40/40 (100%) accuracy. Avrtificial obstacle
recognition performance also increases compared to stand-alone hue and binary vertical variance

measurements. For 0.75 (75%) voting agreement or greater, artificial obstacle recognition
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performance improves significantly to 38/40 (95%) and illuminated grass is still recognized with
40/40 (100%) accuracy. In one embodiment, MATLAB, produced by The MathWorks, Inc., was
used to carry out the processes in blocks 300-390. However, it is contemplated that a person

having ordinary skill in the art can use other software or hardware to carry out the operations.

[0059] In block 395, the binary grass image map generated in block 390 is abstracted to a range
image. In one embodiment, the range image conversion occurs in the following way. First, the
 binary grass map, which is an array, is converted from rectangular real-world coordinates to a polar
representation using the “Rectangular-to-Polar Array” function in LabVIEW, produced by National
Instruments. This creates a binary range image of the mowable terrain and obstacle locations in
the current camera frame, where the (0,0) location of the camera is located in the middle element
of the bottom row of the array. Corresponding (r,0) pairs are then sorted using LabVIEW's “Sort
1D Array” method, and the shortest range for each integer value of theta in the camera’s field of
view is inserted into a 1-D Array shifted so that the ranges are relative to the (0,0) location of the
robot body. Ranges are inserted into the array sequentially, which creates a data structure
identical to what is output by the LIDAR, where the first element corresponds to the range to the
nearest obstacle at 6=1°, the second element corresponds to the range to the nearest obstacle at
8=2° degrees, efc. If an obstacle is not observed at a 8 value, a range of 4 meters is entered into
the corresponding 1-D array element, a distance equivalent to the maximum range of the SICK
LMS291, indicating that no obstacle is presgnt at that angle. This 1-D range array is referred to as

a "pseudo-LIDAR’ scan.

[0060] Optionally, to visualize the pseudo-LIDAR scan, a polar function is fit to the 1-D array and
plotted in LabVIEW's front-panel. This allows the user to monitor what obstacles the mower was or

was not able to see.
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[0061] This range image processing occurs at a minimum of 10Hz during mower operation. The
resulting 1-D array is passed to the freespace observer. The freespace observer accomplishes
two things. First, it combines the new pseudo-LIDAR observations with previously observed
freespace to create an accurate estimate of traversable terrain around the robot. Second, it shifts
observed ranges in front of the mower to behind the mower in accordance with how the mower
moves through the environment. This shifted freespace is simply the previous freespace
estimation, shifted according to the change in position and orientation of Ehe mower’s center. This

creates a 360° representation of the currently traversable space around the mower, which is

passed to the navigation system.

[0062] In one embodiment, the navigation systems is an onboard National Instruments
compactRIO programmable automation controller; however, it is contemplated that a person

having ordinary skill in the art can choose to use another navigation system.

[0063] Turning now to another embodiment of the invention as shown in Fig. 6, in block 600, an
image is captured of the terrain in front of the lawnmower. In block 605, the image is segmented
into neighborhoods. In block 610, image statistic values are calculated for each neighborhood. In
one embodiment, at least two image statistics are calculated for each neighborhood. In block 615,
the image statistic values calculated in block 610 are compared to predetermined neighborhood
grass statistics. In block 620, a binary representation of each image statistic is generated, wherein
each neighborhood statistic value that compares favorably in block 615 is marked as grass
(assigned a “1”), and each neighborhood statistic value that compares unfavorably in block 615 is

marked as not containing grass (assigned a “0"). This is illustrated in Fig. 4.

[0064] In block 625, each binary representation is weighted using predetermined normalized
weighting coefficients. In block 630, the corresponding neighborhoods for all of the image statistics

are summed. In block 635, a binary threshold is applied to the image statistics summed in block
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630, thereby creating a grass/no grass binary neighborhood map. In block 640, the binary map

generated in block 635 is abstracted into a range image.

[0065] Turning to Fig. 7, which discloses a vision processing system 700 for an autonomous
lawnmower having a mounted camera 705 and a processing arrangement 710. The processing
arrangement 710, such the Mac Mini discussed above, connected to camera 705 join together as a
vision system for the lawnmower. The processing arrangement provides structure for segmenting
each image captured by cameras 705 into neighborhoods. The processing arrangement further
provides structure for calculating at least two image statistics for each neighborhood. Additionally,
the processing arrangement provides structure for generating a binary representation of each
image statistic, wherein a neighborhood for an image statistic is marked as grass containing when
the neighborhood image statistic compares favorably to a predetermined image statistics for grass.
The processing arrangement further provides structure of applying a weight to each -of the binary
representations of each image statistic. The processing arrangement further providing structure of
summing corresponding neighborhoods for all image statistics.  Further, the processing
arrangement further providing structure for applying a binary threshold to each of said summed
neighborhoods, wherein a binary map is produced representing grass containing areas and non-
grass containing areas. Further, the binary map representing grass containing areas and non-
grass containing areas can be abstracted to a range image.

[0066] While this invention has been described in conjunction with the specific embodiments
described above, it is evident that many altematives, combinations, modifications and variations
are apparent to those skilled in the art. Accordingly, the preferred embodiments of this invention,
as set forth above, are intended to be illustrative only, and not in a limiting sense. Various changes

can be made without departing from the spirit and scope of this invention. Therefore, the technical
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scope of the present invention encompasses not only those embodiments described above, but
also all that fall within the scope of the appended claims.

[0067] This written description uses examples to disclose the invention, including the best mode,
and also to enable any person skilled in the art to practice the invention, including making and
using any devices or systems and performing any incorporated processes. The patentable scope
of the invention is defined by the claims, and may include other examples that occur to those
skilled in the art. These other examples are intended to be within the scope of the claims if they
have structural elements that do not differ from the literal language of the claims, or if they include

equivalent structural elements with insubstantial differences from the literal language of the claims.

[0068] Of course, it is to be understood that not necessarily all such objects or advantages
described above may be achieved in accordance with any particular embodiment. Thus, for
example, those skilled in the art will recognize that the systems and techniques described herein
may be embodied or carried out in a manner that achieves or optimizes one advantage or group of
advantages as taught herein without necessarily achieving other objects or advantages as may be

taught or suggested herein.

[0069] Furthermore, the skilled artisan will recognize the interchangeability of various features
from different embodiments. The various features described, as well as other known equivalents
for each feature, can be mixed and matched by one of ordinary skill in this art to construct

additional systems and techniques in accordance with principles of this disclosure.

[0070] What is claimed is:
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1. Amethod for identifying lawn grass comprising:

capturing an image of terrain in front of a mower,

segmenting said image into neighborhoods;

calculating values for at least iwo image statistics for each of said neighborhoods;

comparing said image statistic values of said neighborhoods to predetermined image
statistic values for grass;

generating a binary representation of each image statistic value, wherein a neighborhood
for an image statistic value is marked as grass containing when said image statistic value of said‘
neighborhood compares favorably to a predetermined image statistic value for grass;

weighting each of said binary representations of each image statistic;

summing corresponding neighborhoods for all image statistics; and

applying a binary threshold to each of said summed neighborhoods, wherein said binary
threshold produces a binary map representing gr.ass containing areas and non-grass containing

areas.

2. The method of claim 1, wherein one of said image statistics is mean hue.

3. The method of claim 1, wherein said image statistic value of said neighborhood compares
favorably to a predetermined image statistic for grass when said image statistic value of said
neighborhood is within a predetermined number of standard deviations of said predetermined

image statistic value for grass.
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4. The method of claim 1, wherein at least one of said image statistics is calculated using an

intensity plane extracted from said captured image.

5. The method of claim 4, wherein one of said image statistics is: mean grayscale horizontal
intensity, mean grayscale vertical intensity, vertical binary variance, mean vertical binary edge
response area, horizontal and vertical neighborhood centroid location, horizontal binary variance,

or mean horizontal binary edge response area.

6. The method of claim 1, wherein said binary representations of each image statistic are
weighted by multiplying said neighborhoods in said binary representations of each image statistic

by predetermined normalizing weighting coefficients.

7. The method of claim 1, wherein said binary map representing grass containing areas and

non-grass containing areas is abstracted to a range image.

8. A vision processing system for an autonomous lawnmower comprising:

an image capturing camera mounted on said lawnmower for capturing an image of terrain
in front of said lawnmower;

a processing arrangement connected to said camera for segmenting said image into
neighborhoods;

said processing arrangement further providing structure for calculating values for at least
two image statistics for each neighborhood;

said processing arrangement further providing structure for generating a binary

representation of each image statistic value, wherein a neighborhood for an image statistic value is
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marked as grass containing when said image statistic value of said neighborhood compares
favorably to a predetermined image statistic for grass;

said processing arrangement further providing structure for applying a weight to each of
said binary representations of each image statistic.

said processing arrangement further providing structure for summing corresponding
neighborhoods for all image statistics; and

said processing arrangement further providing structure for applying a binary threshold to
each of said summed neighborhoods, wherein a binary map is produced representing grass

containing areas and non-grass containing areas.

9. The vision system of claim 8, wherein said image statistic of said neighborhood compares
favorably to a predetermined image statistic for grass when said image statistic of said
neighborhood is within a predetermined number of standard deviations of the predetermined image

statistic for grass.

10. The vision system of claim 8, wherein one of said image statistics is mean hue.

11. The vision system of claim 8, wherein at least one of said image statistics is calculated

using an intensity plane extracted from said captured image.

12. The vision system of claim 11, wherein one of said image statistics is: mean grayscale
horizontal intensity, mean grayscale vertical intensity, vertical binary variance, mean vertical binary
edge response area, horizontal and vertical neighborhood centroid location, horizontal binary

variance, or mean horizontal binary edge response area.
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13. The vision system of claim 8, wherein said binary representations of each image statistic
are weighted by multiplying said neighborhoods in said binary representations of each image

statistic by predetermined normalizing weighting coefficients.

14. The vision system of claim 8, wherein said binary map representing grass containing

areas and non-grass containing areas is abstracted to a range image.

15. A method for identifying lawn grass by an autonomous lawnmower comprising:

capturing an image of terrain in front of said mower,

segmenting said image into neighborhoods;

calculating values for at least two image statistics for each of said neighborhoods;

generating a binary representation of each image statistic, wherein said binary
representation is generated by comparing said calculated image statistic values to predetermined
image statistic values for grass;

weighting each of said binary representations of each image statistic,

summing corresponding neighborhoods for all image statistics; and

applying a binary threshold to each of said summed neighborhoods to generate a binary

map representing grass containing areas and non-grass containing areas.

16. The method of claim 15, wherein one of said image statistics is mean hue.

17. The method of claim 15, wherein at least one of said image statistics is calculated using

an intensity plane extracted from said captured image.
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18. The method of claim 17, wherein one of said image statistics is: mean grayscale horizontal
intensity, mean grayscale vertical intensity, vertical binary variance, mean vertical binary edge
response area, horizontal and vertical neighborhood centroid location, horizontal binary variance,

or mean horizontal binary edge response area.

19. The method of claim 15, wherein said binary representations of each image statistic are

weighted before summing said corresponding neighborhoods of all image statistics.

20. The method of claim 15, wherein said image statistic of said neighborhood compares
favorably to a predetermined image statistic for grass when said image statistic of said
neighborhood is within a predetermined number of standard deviations of the predetermined image

statistic for grass.
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