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PERFORMANCE ARENA FOR ROBOTSWITH POSITION LOCATION SYSTEM

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present invention claims priority to US Application 16/856,230 filed on April 23,
2020 and U S Application 16/856,256 filed on April 23, 2020, both of which claim priority toUS
Provisional Application 62/837,797 filed April 24, 2019 and al of which are hereby incorporated

by reference in their entirety.

BACKGROUND

Technical Field of the Invention:

[0002] The present invention isrelated to performance arenas for robots and position location
systems based on patterns sensed by image sensors.

State of the Prior Art

[0003] Various robots, including automated vehicles and other self-propelled devices, are
designed for performing various functions or operations, often in a particular area of operation or
performance arena. Such functions may include, but are not limited to, manufacturing tasks,
service tasks, and competitions. In such performances, it is often desirable or even necessary for
such robots to be in, or move to, various positions in the performance arena, or even to have the
capability of tracking itself to determine and use their particular positions within such
performance arenas. Some such position location systems are known, but improvements in
speed, simplicity, computational economy, and versatility are till needed.

[0004] The foregoing examples of the related art and limitations related therewith are intended to

beillustrative and not exclusive. Other limitations of the related art and other examples of
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related art will become apparent to those of skill in the art upon areading of the specification and
a study of the drawings.

SUMMARY _
[0005] The following embodiments and aspects thereof are described and illustrated in
conjunction with systems, structures, methods, and implementations which are meant to be
examples and illustrative, not limiting in scope. Invarious embodiments and implementations,
one or more problems have been reduced or eliminated, while other embodiments are directed to
other improvements and benefits.
[0006] In one embodiment, aperformance arena system for vehicles that perform in a
performance space, the performance arena system comprising a coded strip that has abeginning
end and extends a predetermined length to aterminal end and has a predetermined number of
interval distances extending from athe beginning end to the terminal end, wherein the coded
strip ismountable at a starting position adjacent to the performance space and extendable for the
predetermined number of interval distances adjacent to the performance space.
[0007] In another embodiment the coded strip comprises a code center line and is mountable
adjacent to the performance space in amanner that defines areference plane above a
performance surface, and wherein a sequence of code marks in the coded strip includes anon-
repeating sequence of blocks at regularly spaced intervals along the code center line.
[0008] In another embodiment the non-repeating sequence of blocks includes dark blocks
interspersed with light blocks.
[0009] In another embodiment some of the dark and light blocks are positioned above the code
center line, and wherein some others of the dark and light blocks are positioned below the code

center line.
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[0010] In another embodiment any interval that has a dark block above the code center line has a
light block below the code center line, and wherein any interval that has alight block above the
code center line has a dark block below the code center line such that transitions of light blocks
to dark blocks above the code center align with transitions of dark blocks to light blocks below
the code center line, and such that transitions of dark blocks to light blocks above the code center
line align with transitions of light blocks to dark blocks below the code center line, wherein
intersecting corners of dark blocks above the code center line with comers of dark blocks below
the code center line form feature points on the code center line.

[0011] In another embodiment a positioning device positioned in the performance space that
includes adigital camera for acquiring an image comprising one or more of the portions of the
sequence of marks, the digital camera having alens system for focusing the image on an image
sensor, the lens system having an optical center.

[0012] In another embodiment a processor programmed to compare the image acquired by the
digital camerato the sequence of marks in amemory to identify the one or more portions of the
sequence of marks in the image and to generate signalsthat are indicative of the position and the
orientation of the positioning device in the performance space.

[0013] In another embodiment the positioning device is mountable on avehicle in amanner that
positions the optical center in the reference plane.

[0014] In another embodiment the processor isprogrammed to identify the code center line by
the feature points formed by the intersecting comers of dark blocks above the code center line
with comers of dark blocks below the code center line form feature points on the code center

line.
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[0015] In another embodiment the processor isprogrammed to identify the locations of the
feature points in the image as respective locations of such features points on the coded strip and
thereby the locations of such features on the perimeter of the arena with respect to the starting
position by identifying the corresponding locations of the respective feature points in the
sequence of marks and the specific locations around the arenain the memory.

[0016] In another embodiment the performance surface has a polygon shape and the
performance space is surrounded by walls that intersect at comers, and wherein the starting
position is one of the corners.

[0017] In another embodiment a performance arena system comprises (i) a coded strip which
extends around &t least aportion of a perimeter of an arena space above a performance surface,
said coded strip comprising a sequence of code marks beginning at a starting position, wherein
portions of the sequence of marks at any specific position adjacent to the arena space in relation
to the starting position are unique to such specific position; (ii) apositioning device positioned in
the arenathat includes a digital camera for acquiring an image comprising one or more of the
portions of the sequence of marks; and (iii) aprocessor programmed to generate signalsthat are
indicative of the position and the orientation of the positioning device in the arena based on the
portion or portions of the sequence of marks in the image.

[0018] In another embodiment amethod of assembling a performance arena, comprising placing
acoded strip at least partially around or in the performance arena, wherein the coded strip has a
beginning end and aterminal end with the a code length between the beginning end and the
terminal end, and the placing of the coded strip at least partialy around or in the performance
arena places the beginning end at a starting position in relation to the performance arenathat has

aparticular location in relation to the performance arena, and wherein the coded strip comprises
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aplurality of feature points in the code length between the beginning end and the terminal end
with each feature point being at a predetermined distance from the beginning end so that each of
the feature points in the code length is a the respective predetermined distance from the starting
position.

[0019] In another embodiment the method includes assembling a plurality of walls around a
performance space to intersect each other a aplurality of corners, designating one of the comers
asthe starting position, and mounting the coded strip on the walls with the beginning end of the
coded strip positioned at the comer that is designated asthe starting position, whereby each of
the feature points in the coded strip islocated a the respective predetermined distance from the
corner that is designated asthe starting position.

[0020] In another embodiment the method includes assembling a plurality of walls on a
performance surface and mounting the coded strip on the walls such that a center line of a code

on the coded strip is at a constant height above the performance surface.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The accompanying drawings, which are incorporated herein and form a part of the
specification, illustrate some, but not the only or exclusive, example embodiments and/or
features. It isintended that the embodiments and figures disclosed herein are to be considered
illustrative rather than limiting. In the drawings:

[0022] Figure lisanisometric view of an example robot performance arenawith a
diagrammatic illustration of an example positioning device mounted on arobot;

[0023] Figure 2 isadiagrammatic side elevation view of the example positioning device in

Figure 1;
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[0024] Figure 3isan enlarged view of aportion of the example code strip in Figure 1;

[0025] Figure 4 isadiagrammatic plan view of the example robot performance arenain Figure 1
showing an example coordinate system and local coordinates with example positioning feature
diagrams;

[0026] Figure 5isalogic diagram of an example process implemented by the positioning device
for establishing alocation of an optical center in the positioning device in the performance arena
in Figure 1;

[0027] Figure 6 isadiagrammatic representation of an example image of aportion of the
example coded strip captured by the lens system in the positioning device in Figure 1;

[0028] Figure 7 isadiagrammatic representation of an example map of feature points in the
coded strip created by convolution of the example image in Figure 6 with afeature detection
kernel;

[0029] Figure 8isdiagrammatic representation of an example kernel for use in the convolution
that produces the example feature point map in Figure 7;

[0030] Figure 9isadiagrammatic representation of the example image of Figure 6 overlaid with
aline fitted to the center line of the coded strip and including a diagrammatic representation of
the example zero-mean filter process used for detection of the code in the example image;

[0031] Figure 10 isan enlarged diagrammatic view of the fitted line and the perpendicular linein
pixel scale;

[0032] Figure 11lisagraph of an example signal as detected by azero-mean filter process from

the example coded strip;
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[0033] Figure 12 isaside view representation of the parameters in Figure 4 when the camera of
the positioning device istilted downward with the coded strip still appearing a the top of the
field of view;

[0034] Figure 13 isaconceptual representation of cameratilt and twist showing parameters that
relate to compensation and accurate position retrieval;

[0035] Figure 14 isadiagram that illustrates lens distortion and aradial representation used to
correct such distortion; and

[0036] Figure 15 isadiagrammatic plan view of the example robot performance arenain Figure
1 with multiple robots equipped with positioning devices and an example stationary object in the

performance arena

DETAILED DESCRIPTIONS OF EXAMPLE EMBODIMENTS

[0037] An example performance arena 10 for robots or other vehicles is shown in Figure 1with
an example positioning device 12 mounted on avehicle, e.g., the robot 14, in the performance
arena 10. A coded strip 16 extends at least partially around the perimeter of an performance
space 17 above a performance surface 18. The vehicle 14 can be an automated, self-propelled,
or other vehicle or device that can move or be moved in various paths on the performance
surface 18 to various positions within the performance arena 10. For purposes of this
description, the terms vehicle and robot are used interchangeably as a convenience to describe
the entire system or method, since the particular kind of vehicle 14 on which the positioning
device 12 may be mounted isnot alimiting feature of the invention. For example, but not for
limitation, the example vehicle 14 illustrated diagrammatically in Figure 1 can be a competition

robot that may be tasked with performance of various mandated operations, maneuvers, or
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achievement of various goals within the performance arena 10. The positioning device 12
mounted on the robot 14 provides signals to the robot 14 that are indicative of the position and
orientation of the positioning device at any particular time or changes in such positions and
orientations on areal-time basis. Such position signals can beused by the robot 14 in any
manner desired by arobot designer or operator to perform operations or achieve goals. The
robot 14 isillustrated to facilitate this explanation of the usefulness of the performance arena 10
and positioning device 12, but the robot 14 itself and any particular programming of the robot 14
to use the position signals provided by the positioning device 12 are not part of this invention.
Accordingly, the positioning device 12 isillustrated diagrammatically asbeing mounted on the
robot 14 with an electric data cable 20 for providing such position signals to the robot 14,
although such signals can also betransmitted wirelessly from the positioning device 12 to the
robot 14 in any other convenient manner or format known in the art, e.g., frequency modulated
electro-magnetic radiation, infra-red, sound, etc.

[0038] While the example robot performance arena 10 isillustrated as a square arenain Figure 1,
it can be other shapes, for example, arectangle, polygon, circle, oval, or other shapes. Also, the
illustrated example components, such asthe length and height of the sides or walls around the
performance arena 10, the area of the performance surface 18, the sizes of the robot 14 and
positioning device 12, etc., are not illustrated in any particular scale or relative sizesin relation to
each other dueto paper limitations, but persons skilled in the art will understand the principles
after becoming familiar with the explanations of the components below. Asan illustrative
example, the rectangular performance arena 10 may have walls 22, 24, 26, 28, each twelve feet
long and twelve inches high. The coded strip 16 isillustrated in Figure 1as extending from its

beginning end 29 positioned a apredetermined starting position 30 (sometimes called starting
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position 30 in this description) on the perimeter of the performance arena 10, for example, a a
particular corner 31 of the performance arena 10, and extending around the perimeter of the
performance arena 10 to aterminal end 33 of the coded strip 16 back at the starting position 30.
However, the coded strip 16 could extend only part of the way around the perimeter or along
several parts of the perimeter, or it could instead extend through the performance space or around
or partially around an object in the performance space, aslong the coded strip 16 has aknown
starting position in relation to the performance arena 10 and at least a portion of the coded strip
16 can be captured in an image by the positioning device 12. In other words, the coded strip 16
ispositioned adjacent to the performance space in some manner or position that has a starting
position a aknown location in relation to the performance space of the performance arenaand in
which apositioning device 12 in the performance space can capture an image of at least a portion
of the coded strip 16 that has sufficient feature points to enable the positioning device 12 to
determine the location of the positioning device 12 in the performance space. The exact location
of every feature point 60 (Figures 3, 4, 6, and 7) inthe coded strip 16 isknown by design of the
code. In other words, the exact distance of each feature point 60 from the beginning end 29 of
the coded strip 16 isknown from the design of the code, Therefore, by mounting or placing the
coded strip 16 on the walls 22, 24, 26, 28 with the beginning end 29 of the coded strip 16
precisely a the designated starting position 30, for example, at the designated comer 31 of the
example square performance arena 10 illustrated in Figure 1, the exact distance of every feature
point 60 in the coded strip 16 from the designated corner 31 of the performance arena 10 is
known. Accordingly, the precise location of every feature point 60 in the coded strip 16 in

relation to the designated comer 31isknown.
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[0039] In this example, the coded strip 16 may be applied to the walls 22, 24, 26, 28 in any
convenient manner. For example, the code can be printed on any convenient substrate material
32, including, for example, printed with any known printing process and materials onto a
material 32, such as paper, plastic, wood, or other material and made for mounting on the walls
22, 24, 26, 28. In one example, the substrate material 32 can have a self-adhesive back surface
that can be used to adhere the substrate material 32 with the coded strip 16 onto the walls 22, 24,
26, 28. An example substrate material 32 may have the coded strip printed or otherwise applied
on afront (exposed) surface of the substrate material 32 extending to atop edge 34 of the
substrate material 32 so that mounting the substrate material 32 on the walls 22, 24, 26, 28 with
the top edge 34 of the substrate material 32 in alignment with the top edges 42, 44, 46, 48 of the
walls 22, 24, 26, 28, which are parallel to the performance surface 18, isa convenient way of
mounting the coded strip 16 parallel to the performance surface 18 at a consistent height above
the performance surface 18. Of course, the coded strip 16 can be silkscreened, laser etched,
printed, painted, or formed in any other manner. Accordingly, multiple robot performance
arenas 10 of uniform shape and dimensions can be conveniently and easily assembled, for
example, for competition robot performance arenas in different locations for standardized
competition rules and performance features and capabilities, aswill be explained in more detail
below. For example, multiple coded strips 16 identical to each other can be produced very easily
and mounted in different performance arenas 10 that conform in size and shape to the specific
size and shape for which such coded strips 16 are designed. For example, robot competitions are
held in various cities around the world, and robots equipped with the positioning device 12 could
perform and compete without calibration in any of such competitions that use performance

arenas that are sized and fitted with replications of the same coded strips 16. Asanother
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example, an umbrella sponsor or organizer of robotic competitions, e.g., Robotics Education and
Competition Foundation, may prescribe aparticular performance arena 10 shape and size for
robotic competitions to be performed under its auspices, and such sponsor or organizer can print
or otherwise produce multiple copies of the coded strip 16 in the precise dimensions that fit the
prescribed performance arena 10 shape and size. A local organizer of alocal robotics
competition, e.g., agrade school, high school, college, or club, that wants to hold alocal robotics
competition that conforms to the rules, challenges, and other requirements of the umbrella
sponsor or organizer can simply build alocal robot performance arena 10 of the shape and size
prescribed by the umbrella sponsor or organizer, and the umbrella sponsor or organizer can
provide the coded strip 16 tothe local organizer for mounting as prescribed on the local
organizer's performance arena 10. The coded strip 16 can be provided in one piece, or it can be
provided in several pieces, e.g., one piece for mounting on each of the four walls 22, 24, 26, 28
of the example square performance arena 10 in Figure 1, but, regardless of the number of pieces,
the coded sequence extends from the starting position 30 at least some distance adjacent to the
performance space 17, which can be, but does not have to be, at least partially around the
perimeter of the performance arena 10. In the example performance arena 10 illustrated in
Figure 1the coded sequence extends from the starting position 30 al the way around the
perimeter of the performance space 17 and back to that starting position 30. Accordingly, alarge
number, e.g., hundreds, of precisely located feature points 60 can be positioned and mounted
easily by auser with only minimal instructions and without having to measure for the placement
of each feature point around the performance space 17. Inthe example square performance
arena 10 described above, the local organizer need only mount the coded strip 16 around the

performance arena 10 with its starting edge 30 placed in the corner 31 of the performance arena
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10, whereupon the precise location of every feature point 60 in the coded strip 16 on the local
performance arena 10 will be known precisely in relation to the corner 31 without need for
further measuring or aligning, the same as every other local, regional, or worldwide performance
arena 10 that is constructed and equipped in this same manner. Accordingly, robots equipped
with the positioning device 12 as described above and that are programmed to perform in such a
local performance arena 10 can also perform in al other such performance arenas 10 that are
built and equipped in the same way without re-programming its positioning features. In another
embodiment, the coded strip 16 can aso be formed of segments of unique codes individually
positioned such asto align such segments with various predetermined alignment features on
walls or other surfaces to which they are affixed. This arrangement can simplify the manufacture
or installation of the coded strips 16 on multiple performance arena 16 replicas and still provide
the precise alignment of the code strip 16 in each such performance arena 16 for use by the
positioning device 12 as described herein.

[0040] Referring now to the example coded strip 16 in Figure 1in combination with an enlarged
view of aportion of the example coded strip 16 in Figure 3, the example coded strip 16
comprises a predetermined sequence of code marks 50 beginning at the starting position 30 and
extending along a code center line 52 around the perimeter of the performance arena 10 to end
back at the starting position 30. Certain portions of the sequence of marks 50 a any specific
position around the performance arena 16 are unique to such specific position. The sequence of
code marks 50 includes a non-repeating sequence of dark blocks 54, 56 and light blocks 55, 57 at
intervals 58 along the code center line 52 such that the intervals 58 and blocks 54, 55, 56, 57
extend from the starting position 30 around the perimeter of the performance arena 10 and back

to the starting position 30. In the example coded strip 16, the intervals 58 are regularly spaced,

12
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i.e, of equal interval width, although they could be different widths in some implementations.
Some of the blocks, e.g., dark blocks 54 and light blocks 55, are above the code center line 52,
and some of the blocks, e.g., dark blocks 56 and light blocks 57, are below the code center line
52. The dark blocks 54, 56 in the example coded strip 16 illustrated in Figures 1and 3 are
depicted asblack blocks, and the light blocks 55, 57 in the example coded strip 16 are depicted
aswhite blocks. Such black blocks 54, 56 and white blocks 55, 57 are convenient to produce by
simply printing the black blocks 54, 56 on awhite substrate material 32, whereby the white
blocks 55, 57 appear in the intervals 58 between the black blocks 54, 56. However, the dark
blocks 54, 56 and light blocks 55, 57 could be produced with contrasting colors, patterns, or
other implementations. Accordingly, for purposes of this description, the terms dark blocks and
light blocks include contrasting colors, patterns, and other implementations, regardless of
intensity, aslong asthey are distinguishable from each other. For example, red blocks and blue
blocks could be of equal intensity, yet distinguishable by suitable filtering or other processes.
Also, for example, black blocks and white blocks are considered to be dark blocks and light
blocks, respectively. Asalso illustrated in the example coded strip 16, some of the dark blocks
54, 56 are positioned in adjacent intervals 58, which effectively extend such adjacent dark blocks
54, 56 through two adjacent intervals and provide an appearance of a double-length dark block.
Likewise, some of the light blocks 55, 57 are positioned in adjacent intervals 58, which
effectively extend such adjacent light blocks 55, 57 through two adjacent intervals and provide
an appearance of a double-length light block. Such dark blocks 54, 56 and light blocks 55, 57
are detectable.

[0041] Inthe example coded strip 16 illustrated in Figures 1and 3, any interval 58 that has a

dark block 54 above the code center line 52 has alight block 57 below the code center line 52,
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and wherein any interval 58 that has alight block 55 above the code center line 52 has a dark
block 56 below the code center line 52, such that transitions of light blocks 55 to dark blocks 54
above the code center 52 align with transitions of dark blocks 56 to light blocks 57 below the
code center line 52, and such that transitions of dark blocks 54 to light blocks 55 above the code
center line 52 align with transitions of light blocks 57 to dark blocks 56 below the code center
line 52. Accordingly, intersecting corners of dark blocks 54 above the code center line 52 with
corners of dark blocks 56 below the code center line 52 form feature points 60 on the code center
line 52 that are detectable.

[0042] The example coded strip 16 illustrated in Figures 1 and 3 and described above can be
built of apseudo random, maximal length sequence of dark blocks 54, 56 and light blocks 55, 57
of alength that extends from the starting position 30 around the perimeter of the performance
arena 10 and back to the starting position 30 as explained above. Persons skilled in the art
understand that maximal length sequences are the largest code sequences that can be constructed
which do not repeat over the smallest sliding window, and persons skilled in the art know how to
generate such maximal length code sequences, e.g., Galois linear feedback shift registers or
Fibonacci linear feedback shift registers. MathWorks (trademark) MATLAB can be used to
generate such code sequences with many desired possible maximal lengths. For example, the
coded strip 16 can be built of a Manchester-encoded, pseudo random, maximal length sequence
of black (dark) blocks 54, 56 and white (light) blocks of the length that extends from the starting
position 30 around the perimeter of the performance arena 10 and back to the starting position
30. Persons skilled in the art understand that Manchester encoding encodes every bit of an
unencoded bit sequence astwo bits of the Manchester-encoded version of that unencoded

sequence. A Manchester-encoded maximal length sequence of 255 is a convenient example. If
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the unencoded sequence comprises 255 bits, the Manchester-encoded version of that unencoded
sequence will comprise 510 bits - exactly twice the number of bits as the unencoded bit
sequence. Specifically, Manchester encoding replaces each high bit of the unencoded sequence
with ahigh bit followed by alow bit in the Manchester-encoded version of the bit sequence.
Manchester encoding replaces each low bit of the unencoded bit sequence with alow bit
followed by ahigh bit in the Manchester-encoded version of the bit sequence. In the example
coded strip 16, abit sequence formed from an 8 bit linear feedback shift register (LFSR) asa
maximal length, pseudo random bit sequence of length 255 is Manchester-encoded to result in a
Manchester-encoded bit sequence of length 510 bits, awindow 59 (Figure 3) with awidth of
fifteen (15) consecutive intervals 58 can be slid along every possible position over the entire
length of the coded strip 16, including spanning across the starting position 30, and never contain
a 15-interval code sequence that repeats anywhere around the performance arena 10

[0043] It may be noted, however, that the sequences do not have to be maximal length
sequences. The requirement isthat the sequence is non-repeating over aminimal sliding
window. If amaximal length sequence isnot used, then a sliding window containing more
intervals 58 will have to be used to ensure that the sliding window does not see any repeating
pattern across the window anywhere around the performance arenal6. In other words, use of a
non-maximal length sequence means that the image sensor 64 would have to observe more
contiguous, unobstructed bits in order for the imaging device 12 to be able to unambiguously
determine position. Thus, in contrast to use of maximal length sequence as described above, use
of anon-maximal length sequence would require that the image sensor 64 would have to image

more than a 15-interval code sequence.
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[0044] The example maximal length sequence coded strip 16 isfurther encoded such that each
interval 58 comprises ablack block 54 above the code center line 52 and awhite block 57 below
the code center line 52 to indicate a high bit of the Manchester-encoded sequence of the coded
strip 16, or awhich block 55 above the center line 52 and black block 56 below the center line 52
toindicate alow bit of the Manchester-encoded sequence of the coded strip 16. Such an
arrangement allows for decoding the coded strip 16 or portions of the coded strip 16 with azero-
mean filter aswill be described in more detail below. With the predetermined, non-repeating
code of the coded strip 16 mounted around the perimeter of the performance arena 10 as shown
in Figure 1 and described above, the precise location in three dimensions of each feature point 60
in the coded strip 16 isknown by design, and there are hundreds of such feature points 60 in such
precisely known locations around the perimeter of the performance arena 10. Asmentioned
above, the feature points 60 can be detected.

[0045] Referring now primarily to Figures 1and 2, the example positioning device 12
comprises adigital camerawith alens system 62 for focusing an image of at least aportion of
the coded strip 16 onto an image sensor 64. The lens system 62 can be any of myriad
conventional digital camera lens systems for providing appropriate focusing and scaling of the
image onto the image sensor 64 as are well-known to persons skilled in the art of digital cameras,
including, for example, a single lens or a combination of lenses. The camera lens system 62 has
an effective optical center 66 for projecting and focusing of the image onto to the image sensor
64. The effective optical center 66 isthe point about the lens system 62 where avirtual pinhole
would be placed to best approximate the imaging function of the lens system 62 upon the image
sensor 64. In other words, the optical center 66 isthe point through which pass al rays

extending between imaged objects and their corresponding image as projected onto the image
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sensor 64 by the lens system 62, asis also understood by persons skilled in the art of digital
cameras, and the optical axis 68 of the lens system 62 extends through the optical center 66 and
perpendicular to the plane of the image sensor 64. The focal length F isthe distance from the
optical center 66 to the image sensor 64. The angle of view 70 is set by the focal length F of the
lens system 62 and the dimensions of image sensor 64. The number of intervals 58 of the coded
strip 16 that are imaged on the image sensor 64 for aparticular field (angle) of view 70 varies as
afunction of the distance of the optical center 66 to that portion of the coded strip 16 that is
being imaged onto the image sensor 64. A wider field (angle) of view 70 would be desirable for
imaging a sufficient number of code marks 50 to enable the positioning device 12 to establish the
precise position of the optical center 66 in the performance arena 16 even when the robot 14 and
positioning device 12 are close to the coded strip 16. However, for precise identification of the
code blocks 54, 55, 56, 57 and feature points 60 in the decoding process, it is also desirable for
the image of the coded strip 16 captured by the image sensor 64 to have as many pixels per code
block 54, 55, 56, 57 as possible, even when the robot 14 and positioning device 12 are positioned
alonger distance from the coded strip 16. Accordingly, the design of the focal length F and size
of the image sensor 64 for adesirable field of view 70 may involve an engineering trade-off
between providing awide enough field of view 70 for the robot 14 and positioning device 12 to
move to positions fairly closeto the coded strip 16 and still capture the minimum number of
code marks 50 and features 60 for the positioning device to establish the position of the optical
center 66 in the performance arena 10 at such close distances, yet also anarrow enough field of
view 70 for the image sensor 64 to capture enough pixels per code block 54, 55, 56, 57 when the

robot 14 and positioning device 12 move to positions in the performance arena 10 far away from
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the coded strip 16 to enable the positioning device 12 to establish such far away positions of the
optical center 66 in the performance arena 10.

[0046] The example positioning device 12 includes adigital processor 74, e.g., CPU, for
establishing the positions of the optical center 66 of the positioning device 12 based on images of
portions of the encoded strip 16, aswill be described in more detail below, and outputs signals
that are indicative of such positions. In general, use of the terms “position” and “location” in
reference to the optical center 66 includes spatial location aswell as angular orientation of the
optical center 66 unless the context indicates otherwise. With the positioning device 12 mounted
on arobot 14 asillustrated diagrammatically for example in Figure 1, establishment of any
particular location of the optical center 66 in the performance arena 10 can be correlated to
particular locations of the robot 14 or components of the robot 14 in the performance arena 10 by
simply knowing the relevant dimensions of the robot 14 and the position a which the optical
center 66 ismounted on the robot 14. The output signals produced by the CPU 74, which are
indicative of the locations of the optical center 66, are provided by the CPU 74 to the robot 14
through the electric data cable 20 or by other means, and such signals can be utilized in any
manner designed into, or determined by, the robot 14 for use in performing operations,
maneuvers, or tasks.

[0047] The coded strip 16 ispreferably mounted with the code center line 52 at auniform height
h above the performance surface 18 al the way around the performance arena 10 asillustrated
diagrammatically in Figure 1. Asmentioned above, aignment of the top edge 34 of the substrate
material 32, thereby the top of the coded strip 16, with the top edges 42, 44, 46, 48 of the walls
22, 24, 26, 28 can facilitate such mounting of the coded strip 16 with the code center line 52 at

such uniform height h above the performance surface 18. As such, the code center line 52
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around the performance arena 10 defines a plane (indicated diagrammaticaly by the phantom
lines 76) at the height h above the entire performance surface 18 of the performance arena 10.
The positioning device 12 ispositioned in the performance arena 10 with the optical center 66
and optical axis 68 preferably, but not necessarily, located in the plane 76, i.e., a the height h
above the performance surface. Accordingly, arobot 14 builder that wants to utilize the example
positioning device 12 with such robot 14 may mount the positioning device 12 on the robot 14 at
aposition on the robot 14 that places the optical center 66 at the height h above the performance
surface 18 asillustrated in Figure 1. In such position, the optical axis 68 of the camera in the
positioning device 12 fals in the plane 76, and, as such, the feature points 60 will always liein a
straight line in the captured image 104.

[0048] Referring now primarily to Figure 4, a coordinate system, for example, the Cartesian
coordinate system 78, isassociated with the performance arena 10. The origin 80 (0,0) of the
coordinate system 78 islocated at the center of the performance arena 10 with the positive x-axis
82 to the right and the positive y-axis 84 ahead (i.e., the positive x-axis 82 isto the right in the
plane of the paper and the positive y-axis 84 isup in the plane of the paper). The optical center
66 of the positioning device 12 islocated somewhere (X,y) in the performance arena 10, which is
bounded by the coded strip 16 as explained above. The location of the optical center 66 also has
avertical (z) value, but the optical center 66 isalways in the plane 76 a a height h above the
performance surface 18, as explained above, so the vertical value (z) never changes and can be
ignored. Also, there are always three angles involved with the position of the optical center 66,
i.e, compass angle or yaw (), pitch up or down (@, and roll ({)). Accordingly, a complete
description of the location of the optical center 66 would involve three spatial dimensions and

three angular orientations (X,y,{,,0,). However, for simplicity and to avoid unnecessary
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repetition, the particular location values (x,y,¢,®,6,y) will only be included as needed for
particular calculations or steps. Inthis example, ignoring the vertical (z) value as explained
above, the actua (X.,y,®,0,J) location of the optical center 66 (represented in Figure 4 asPo) in
the performance arena 10 is established by the positioning device 12 with aprocess that begins
by capturing an image with the image sensor 62 (Figure 2) of aportion of the coded strip 16 that
includes more than some minimum number of feature points 60, aswill be described in more
detail below (and as alluded to above in the description of the sliding window 59 in Figure 3),
and then makes an initial prediction or guess for the (x,y) location of the optical center 66 and an
initial angular orientation (¢,6,y) of the optical axis 68, from which an initial prediction or guess
for values s' on avirtual screen 92, where the prediction or guess assumes the respective rays 86,
88, 90 from the respective feature points 60 (e.g., Pi, P2, and P3in Figure 4) will pass through
the virtual screen 92. The actual svalues a the respective points 85, 87, 89 on the virtual screen
92 where respective rays 86, 88, 90 from the respective feature points 60 (e.g., Pi, P2, and P3in
Figure 4) pass through the virtual screen 92 are then measured. Those actua svalues correspond
to pixels in the image captured by the image sensor 62. After computing an error metric E that is
indicative of the differences between the predicted s' values and the measured svalues, anew
prediction is made for the location (x,y) of the optical center 66 and the angular orientation
(,6,1) of the optical axis 68 based on the gradient of the error metric E. In other words, anew
assumption ismade for the (x,y,®,0,J) coordinates of the optical center 66 and optical axis 68,
and the process isrepeated in an iterative manner until the error metric E descendsto a
predetermined satisfactory or acceptable value. The last location and angular coordinates
(X.y,®.06,) that result in the satisfactory or acceptable error metric E value isthen output by the

positioning device 12 as an accurate and precise representation of the actual location and angular
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orientation of the positioning device 12 in the performance arena 10 at that time. Of course, this
process can be repeated by the positioning device 12 rapidly over and over again to output such
position and angular coordinates (X,y,@,0,0) in essentialy real time asthe positioning device 12
ismoved around in the performance arena 10, e.g., by arobot 14 on which the positioning device
12 may be mounted.

[0049] Referring now primarily to Figure 5with secondary reference to various other figures to
supplement this description, the example process to establish the location and orientation
(X.y,®,06,y) of the optical center 66 of the positioning device 12 starts a 100. In the next step
102, the positioning device 12 captures an image of the portion of the coded strip 16 where the
optical axis 68 (Figures 1-3), and thus also the image sensor 64, are pointed. An example of
such a portion of the coded strip 16 isillustrated in Figure 3, and, in the example image capture
illustrated in Figure 4, feature points 60 (e.g., Pi, P2, and P3) form rays 86, 88, 90 to the optical
center 66 passing through the virtual screen 92 at respective points 85, 87, 89, which correspond
to pixel light detections by the image sensor 64. The intersections of the rays 86, 88, 90 with the
virtual screen 92 describe the expected pixel location of the feature points 60 (e.g., Pi, P2, and
Pi) in the recorded image. Transforms that describe such mapping of rays to pixel locations are
known to persons skilled in the art, one example of which will be described in more detail below.
[0050] Asexplained above, with the predetermined, non-repeating code of the coded strip 16
mounted around the perimeter of the performance arena 10 as shown in Figure 1and as
described above, the precise location in three dimensions of each feature point 60 in the coded
strip 16 isknown by design and isknown in the memory associated with the CPU 74, and there
are hundreds of such feature points 60 in such precisely known locations around the perimeter of

the performance arena 10. One example coded strip 16 used in this description for the example
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12 ft. x 12 ft. performance arena 10 described above has five hundred ten (510) intervals 58 of
equal length starting, for example, at the comer 30 (Figure 1). Inthis example, there are four 12-
foot walls 22, 24, 26, 28, thus atotal coded strip 16 length of forty-eight (48) feet, which isfive
hundred seventy-six (576) inches. Accordingly, with that total length comprising five hundred
ten (510) intervals 58, each interval 58 is576/510 = 1.129 inches. Asalso mentioned above, the
predetermined sequence of blocks 54, 56 in the example coded strip 16 isManchester encoded to
produce a series of equally spaced code bits that correspond to the equally spaced intervals 58.
The example coded strip 16 illustrated in Figures 1 and 3 encodes each of the bits aseither a
white over black interval or aback over white interval. Asalso explained above, transitions of
white blocks 55 to black blocks 54 above the code center 52 align with transitions of black
blocks 56 to white blocks 57 below the code center line 52, and such that transitions of black
blocks 54 to white blocks 55 above the code center line 52 align with transitions of white blocks
57 to black blocks 56 below the code center line 52. Accordingly, intersecting corners of black
blocks 54 above the code center line 52 with corners of black blocks 56 below the code center
line 52 form feature points 60 on the code center line 52 that are detectable. Since some of the
black blocks 54 are adjacent to each other and some of the white blocks 56 are adjacent to each
other, there are fewer transitions of white blocks 55 to black blocks 54 and vice versa above and
below the code center line 52 than there are intervals 58. Accordingly, there are fewer
identifiable feature points 60 than the five hundred ten (510) intervals 58, but there are till
hundreds of such identifiable feature points 60 in the coded strip 16 at precisely placed and
precisely known locations (x,y) around the performance arena 10.

[0051] Inthe image capture step 102 in Figure 5, the image 104 captured by the positioning

device 12 comprises aportion 106 of the coded strip 16 asillustrated, for example, in Figure 6.
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Then, in the feature detect step 108, the feature points 60 in the portion 106 of the coded strip 16
are detected by the CPU 74 asillustrated diagrammatically in Figure 7. A monochrome image
sensor 64 can be used in the positioning device 12 to reduce computation without degrading
performance. Inthe example feature detect step 108, a convolution across the image 104 by a
feature kernel 110 illustrated in Figure 8 results in afeature map 112 with a number of feature
point 60 responses in a substantially linear pattern asillustrated in Figure 7. In the best fit line
regression step 114, aline 116 isfound to best represent the positions of the feature point 60
responses asillustrated in Figure 9. The best fit line 116 corresponds with the code center line
52 of the coded strip 16 shown in Figures 1and 2. The best fit line 116 isused in the signal
extract step 118 to guide a zero-mean filtering process described below for decoding the portion
106 of the coded strip 16 that is captured in the image 104. Toimprove reliability and to reduce
computational load, the coded strip 16 ismounted such that the code center line 52 is co-planar
al the way around the performance arena 10 as explained above and illustrated in Figure 1.
Furthermore, the positioning device 12 ismounted on arobot 14 so that the optical center 66
remains in the plane 76 a the height h above the performance surface 18 as also described above
and illustrated in Figure 1. Thus, regardless of any position (x,y) and orientation (¢,6,), the code
center line 52 will transform into best-fit lines 116 (Figure 9), even across comers 30 where the
end of one coded strip 16 section on one wall of the performance arena 10 meets the beginning
of another coded strip section 16.

[0052] The zero-mean filtering process of the signal extract step 118 in Figure 5isillustrated in
Figures 9 and 10. Pixels aong aline 120 that is perpendicular to the best fit line 116 are
processed to generate a detected signal 123, an example of which isillustrated in Figure 11. In

this example zero-mean filtering process illustrated in Figure 10, pixel intensity values aong the
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upper portion 124 of the perpendicular line 120 that are above the best fit line 116 are added to a
sum, and pixel intensity values along athe lower portion 126 of the perpendicular line 120 that
are below the best fit line 116 are subtracted from a sum. In other words, for agiven position of
the perpendicular line 120 asillustrated in Figure 9, the amplitude of each pixel detected by the
image sensor 64 on the upper portion 124 of the perpendicular line 120 above the best fit line
116 are multiplied by +1, and the amplitude of each pixel detected by the image sensor 64 on the
lower portion 126 of the perpendicular line 120 below the best fit line 116 are multiplied by - 1
and added to a sum. This sum iscomputed many times, once for each position of the
perpendicular line 12, which isto say once for each perpendicular column of pixels in the portion
106 of the image 104 that crosses the best fit line 116. Accordingly, the filter gives aresponse of
zero for any uniform area, i.e,, it regjects the mean of the area. It isonly sensitive to areas where
the average brightness above the best fit line 116 is different than the average brightness below
the best fit line 116. The number of perpendicular lines 120, i.e., vertical columns of pixels, per
interval 58 (Figure 3), i.e., per block 54, 55, 56, 57, varies dramatically depending on how far the
lens system 62 of the positioning device 12 is positioned from the coded strip 16 (Figure 1). If
the lens system 62 isvery close to the coded strip 16, there may be many (e.g., dozens) of
perpendicular lines 120 (Figure 9) in an interval 58 that are summed between them. On the other
hand, if the lens system 62 far from the coded strip 16, e.g., near one wall of the performance
arena 10 and looking at the opposite wall, there could be few, perhaps even less than two,

vertical lines 120 that can be summed in an interval 58.

[0053] Asaresult of these zero-mean filtering operations, the detected signal 123 isgenerated,
asillustrated for example in Figure 11. The Manchester code present in the detected signal 123

is decoded in the decoding and pattern search step 128 in Figure 5using any of avariety of
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decoding techniques know to persons skilled in the art to reveal the encoded bit stream 130 of
the pseudo random sequence of the portion 106 of the coded strip 16 in the captured image 104.
A black block 54 over awhite block 57 isencoded asa 1, and awhite block 55 over ablack
block 56 isencoded as a0 inthis example. There isaminimum number of contiguous,
unobstructed intervals 58 that must be captured in the image 104 in order for the CPU 74 of the
imaging device 12 to determine which part of the code it sees, depending on the number of
encoded bits in the smallest cluster or sequence of bits in the encoded bit stream that do not
repeat anywhere in the coded strip 16, i.e., that isunique in the encoded bit stream. Inthis
example coded strip 16 created asamaximal length pseudo random sequence of length 255
using an 8-bit linear feedback shift register and subsequently Manchester-encoded to obtain abit
sequence length of 510 bits as described above, the captured image 104 must include at least
fifteen (15) contiguous, unobstructed intervals, e.g., 16.9 inches, in order to be able to determine
which part of the code it sees, because sequences of fifteen (15) or more bits do not repeat
anywhere in the bit stream. Accordingly, asubsection of the code can reveal the exact portion of
the code that is captured inthe image 104. Again, the memory associated with the CPU 74
contains the bit sequence for the entire coded strip 16. When the exact portion of the code is
identified in the decoding and pattern search step 128, then such exact portion of the code is
associated to the known coordinates (x,y) corresponding to the feature points 60 in that portion
of the code asindicated at the association to known coordinates step 132 in Figure 5. Relatively
little computation time is expended to find the code strip image 106 in the captured image 104,
and upon creating the detected signal 123, the position calculation reduces to a one-dimensional
problem of relatively low complexity rather than one that involves computations in two-

dimensional image space.
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[0054] Once the known coordinates (X,y) corresponding to the feature points 60 are determined
in step 132, those coordinates (x,y) are transformed to line coordinates s'in step 134 in Figure 5
by atransformation process, which is sometimes called a perspective transformation and iswell-
known to persons skilled in the art of computer graphics. In one example of such transformation,
the positioning device 12 in Figure 1 hasimaged the portion of the coded strip 16 that includes
the feature points 60 (e.g., i, P, and P, best seen in Figure 4 and has identified Pi from the
information about the coded strip 16 stored in the memory associated with the CPU 74 as
explained above. Therefore, based on that information in the memory about that feature point
60, the actual (x,y) location of Pi isknown. However, CPU 74 computes the point 85 a which
the ray 86 from Pi passes through the virtual screen 92 based on aguess or estimated location
(X.V,0,6,y) for the optical center 66, which isalso designated Poin Figure 4. With such known
location (x,y) of Pi and such guessed or estimated location (X,v,@,0,y) of ro, the forward distance
94 can be found by: Forward Depth = (ri -Po) -f where - means dot product and/is the
forward vector, which aligns with the optical axis 68. Further, the perpendicular distance 96 can
be found by: Perpendicular Distance = (pi -Po) - I, where - means dot product and risvector
185, which is perpendicular to the forward vector f . The distance s' for the predicted point 85 at
which the ray 86 from Pi passes through the virtual screen 92 based on the actual Pi location and
on that guess or estimation of the Polocation can befound by: s'=d * (Perpendicular

Distance)/ (Forward Depth), where d isthe specific distance between the optical center 66 and the
virtual screen 92 where the intersections 85, 87, 89 of the rays 84, 86, 88 are scaled to be units of
the image sensor 64 pixels with the proper predetermined selection of the virtual screen distance
d. Thevirtual screen distance disaparameter specific to agiven design, iscalculated once at

the factory, and is subsequently assumed to beidentical for every unit manufactured with that
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design. Inthe examplejust described based on the example position and orientation of the
positioning device 12 illustrated in Figure 4, the Perpendicular Distance would be a negative (-)
number, and a point that lies along the direction of the forward vector 68 would have a
perpendicular distance of zero (0). Similar calculations can be made for the other feature points
60 identified in the portion of the coded strip 16 that isimaged, e.g., p 2andp s in Figure 4. As
mentioned briefly above, the actual distances sfor the intersection points 85, 87, 89 are
measured, and an error metric E that isindicative of the differences between the predicted s'
values and the measured svalues iscomputed at step 136 in Figure 5, and the process is
repeated, each time with anew proposed position, until the error metric E becomes small enough
a step 138 in Figure 5that the estimated location and angular orientation (x,y,®,0,J) of the
optical center 66 that results in such predicted s' values are considered to be a sufficiently precise
establishment of the actual location of the optical center 66 in the performance arena 10, i.e.,
considered to be stable. Asmentioned above, the initial guess for the location of the optical
center 66 in the performance arena 10 can be arbitrary or it can be based on some estimation.
One example estimation for an initial location can be made by the CPU 74 selecting the feature
point 60 in the image 104 that has the most negative s, the feature point 60 in the image 104 that
has the most positive s, and afeature point 60 in the image 104 nearest the middle, i.e., the
smallest absolute value of s. With those measured svalues, the CPU can calculate an initial
estimate for alocation (x,y,) for the optical center 66 using an analytic expression, and it can
calculate an initial orientation (¢,6,y) estimate using the s distance nearest to the middle. Both
the aforementioned position estimation and the aforementioned angle estimation computations

are based on analytical solutions that can be obtained by persons skilled in the art.
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[0055] At the same time, the code signal 123 extracted at step 118 in Figure 5is corrected for
any pitch, tilt, or lens distortion at step 140. Further, azero crossing feature detect step 142
determines zero crossings of the detected signal 123. The zero crossings of the detected signal
123 correspond to feature points 60 of the coded strip 16, for which precise locations in three
dimensions (x,y,z) are known and defined in advance by the design and construction of the
coded strip 16 and its mounting on the performance arena 10 as explained above. Figure 12
illustrates an example of the parameters in Figure 4 when the camera in the positioning device 12
istilted downward with the coded strip 16 still appearing at the top of the field of view and aroll
angle (@) of zero degrees for simplicity of explanation. Figure 13 isa conceptua representation
of camera pitch and roll showing parameters that relate to compensation and accurate position
retrieval. Figure 14 illustrates lens distortion and aradial representation used to correct such
distortion. The example process for establishing precise locations of the optical center 66 of the
lens system 62 of the positioning device 12 in the performance arena 10 relies as described above
on the precise measurement of these feature points 60 in the captured image. In this example
process, a sub-pixel measurement of the mapping of the feature points 60 isused to improve
accuracy. Assuch, when achange in sign is detected between adjacent elements Y, 1 andY; of
detected signal 123, a sub-pixel estimation ismade using linear interpolation as

S T S VU

— 1
Vi-i - Vi 9

where sisafloating point interpolation of the integer index | of the detection array 122

describing a sub-pixel estimate of the zero crossing.

28



WO 2020/219788 PCT/US2020/029682

[0056] A momentary or continuous pitch of the camera in the positioning device 12 up or down
causes a change in the apparent visual screen distance d (see Figure 4), asd, resulting in a

scaling of the distance parameter sthat is corrected by afactor k using

k:i:L (2)

d’ [d? + p2
[0057] In addition to being oriented with anon-zero pitch, the camera may be oriented to, or
experience, non-zero roll. Such aroll has the effect of rotating the best fit line 116 in the
associated image 104 (Figure 6). Such aroll aso has the effect of moving the apparent location
of the point associated with the parameter s= 0 along the best fit line 116. Thetilt offset p of

Figure 13 isfound as

[0058] With these two corrections, the zero crossings of the detected signal 123 are mapped to

the parameter sas

.- d(x;(1+m?) + bm)
- J2A+md) + b?

where x isthe floating point zero crossing pixel coordinate defined asper the coordinate system
of Figure 14.
[0059] A further improvement in accuracy can be included by using lens correction

approximated by

B =1+kird+kyrs+ksrf

where
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fa /XZ‘,1+V:*J (6)

asdefined in Figure 14. Accordingly, the zero crossings of the feature points 60 are detected a

step 142 (zero crossing feature detect) in Figure 5 as

_ Bd(xg+mys) (7)
V(@ (1 +m?) + BZb?)

[0060] Then, amapping of the parameter s'iscomputed in the step transform to line coordinates
134 in Figure 5 as

cos(0)(x; —x) — sin(A)(y;i =v) d‘(P_’,- —P)-7 (8)
sin(0)(x; — x) + cos(O)(y; —y) (P, =Py f

,_
s;=d

In these equations, / = (sin «-), cos «-)) and i = (cos(<), -cos((/>)).

[0061] Because the precise locations of the code feature points 60 are known as explained above,
and because those feature points 60 have a one-to-one correspondence with the zero crossings of
the detected signal 123, and because the ideal mapping of those feature points 60 into the virtual
screen 92 coordinates is known, then the error E in the step compute error 136 in Figure 5

proceeds as
1
E:zi(si—sg)z (9)
n

[0062] The computed error E in step 136 in Figure 5ismonitored in step 138 (stable) to
determine if the error E has stopped decreasing, which indicates that the best position has been
found. If the error E isdetermined a step 138 to be not yet optimally reduced, then the process

loops to the step propose new position 144 in Figure 5, where anew trial position can be
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computed based, for example, on Newton-Raphson or bisection methods. Using the Newton-

Raphson method, which isknown to persons skilled in the art, the residual ri isfirst defined as

N=s;-s (10)
and Ci isdefined as
d
Ci=—""7 (11)
(.= Po) - 1)
The Jacobian can be computed as
aT'i
Jx = g—x =i — G
_an 12
ari 2 2
Jo =35 = (G =)+ (i — )G
so that the gradient of the error function in closed formiis
Vif(p) = z(yi — )G
=
Vyf(P) = ) (xi = x)Cimy (13)
m
Vof (p) = z((xi —x)* + (i —¥))Ciny
m
[0063] The Newton step isthen
_ _ N 14
Dj+1=Dj — (sz(Pj)) vi(p;) (14
Where the Hessian is approximated as
(15)

V2I(x) =~ 1(x) TI(X)
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Thus, the new proposed position p;.1 IS proposed in the step propose new position 144 in Figure
5, and that proposal isused asthe new position trial in the step transform to line coordinates 134
inFigure 5. The iteration is continued until the error E becomes stable at the step stable 138 in
Figure 5, whereupon the location and orientation of the optical center 66 in the performance
arena 10 is considered to bethe last proposed position Po = (X,y,{,®,0,) from the step propose
new position 144 asillustrated in Figure 5. Asexplained above, the vertical (z) value can be
ignored because the optical center 66 isaways in the plane 76 a height h (Figure 1), and the
yaw (@) isinthe equations, e.g., equation (8) above, as/ = (sin((/>), cos((j>)) and F = (cos((f>),

-cog((j>)). The pitch (@ and the roll () are determined after the iteration loop is completed as

b
© = atan (—)
dvV1+ m?
and
U = atan(m)

[0064] These computations are low compared to the power of even inexpensive, off-the-shelf
processors available commercialy, such that update rates of greater than ten (10) updates per
second are achieved easily.

[0065] In summary, agiven image 104 as sampled by the image sensor 64 corresponds to one
and only one particular position and orientation of the optical center 66. Therefore, every
distinct position and orientation of the optical center 66 corresponds to aunique and predictable
location of feature points 60 in avirtual image 92. It isessentially aguessing process to find the
position and orientation of the optical center 66 by guessing and then comparing a predicted
image with the actually measured image. Accordingly, the CPU 74 guesses a plurality of
positions for the optical center 66 until it can internally reconstruct the same picture asthe image

sensor 64 sees.
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[0066] In practice, the process does not perform computations to match images, but instead
converts the information of the images to one-dimensional arrays. This process is accomplished
by converting the image 104 captured by the image sensor 64 into a one-dimensional set of
feature points 60 identified by their 1-dimensional distance along the center line 52 of the coded
strip 16. The CPU 74 also identifies the identity of each feature point 60 so that the coordinates
(x,y) of each feature point 60 isknown. Theses identifications enable the metric error E used for
the guessing process to compare measured 1-dimensional lists instead of having to compare the
measured image 104 against an internally generated virtual image, which would be much more
computationally expensive. Given avirtua trial position and orientation of the optical center 66,
it is straight forward to determine which optical features 60 would be visible and exactly where
they will land in the image, and therefore generate a 1-dimensional list of the virtual positions s
of the feature points 60 along avirtual center line. With the measured image 104 from the image
sensor 64 converted to a 1-dimensional list of distances s, and given that avirtual 1-dimensional
list of distances s' can be predicted from any trial position of the optical center 66, then the
process can loop by trying aplurality of positions and orientations until the internally generated
1-dimensional list of the feature point 60 positions s' matches the 1-dimensional distances sas
measured from the image sensor 64. Finally, the loop converges to the position that minimizes
the sguare of the difference between the 1-dimensional lists s' - s.

[0067] Asillustrated in Figure 15, multiple positioning devices 12, for example, mounted on
multiple robots 14, that move independently of each other can operate simultaneously in the
same performance arena 10 asillustrated, for example, in Figure 15. Each of the positioning
devices 12 can establish precise locations of its optical center 66 in real-time as described above

and produce position signals for such locations for use by the robot 14 on which such positioning
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device 12 ismounted. Depending on the angle of view 70 of the lens system 62, each camera of
each positioning device 12 can usually see aportion of the coded strip 16 inits field of view with
enough feature points 60 (Figure 4) to establish alocation for its optical center 66, even with
other mobile robots 14 or random objects 96 occluding portions of the coded strip 16 from the
camera. In one example, addition of one or more additional positioning devices 12' are mounted
on arobot 14 and pointed in adifferent direction, e.g., 180 degrees, from the first positioning
device 12 can further reduce the probability of complete occlusion of the code strip 16 for such
particular robot 14. Also, an expansion of the field of view 70 can reduce the probability of
complete occlusion of the coded strip from the field of view 70. However, as mentioned above,
such expansion of the field of view 70 may reduce the number of signal 123 samples per interval
58 to an unacceptable value in cases where the positioning device 12 isfar away from the coded
strip 16.

[0068] The positioning device 12 can also beused for additional image analysis, such as object
14, 96 avoidance, object 14, 96 location, etc. Inherent in the hardware needed to process images
104 from the image sensor 64 and establish alocation, as described above, isthe ability to
perform further image analysis. For example, the image 104 from the image sensor 64 can first
be processed for the location of the optical center 66 as described above, and then the image 104
can be further processed to determine the presence of other objects 14, 96 to determine the
presence of such other objects or obstructions.

[0069] Accordingly, resort may be made to al suitable combinations, subcombinations,
modifications, and equivalents that fall within the scope of the invention as defined by the
features. The words “comprise,” “comprises,” “comprising,” “include,” “including,” and

“includes’” when used in this specification, including the features, are intended to specify the
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presence of stated features, integers, components, or steps, but they do not preclude the presence

or addition of one or more other features, integers, components, steps, or groups thereof. Also,

downwardly,” “on,” “off,” “over,

directional terms, such as“upwardly, under,” “above,”
“below,” etc., may and sometimes do relate to orientation of components and features as
illustrated in the drawing sheets, and are not used to require any particular physical orientation or
any limitation on orientation of the device or component in actual use unless otherwise indicated

in the description.
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WE CLAIM:

1 A performance arena system for vehicles that perform in a performance space, the
performance arena system comprising:

acoded strip that has abeginning end and extends a predetermined length to aterminal
end and has a predetermined number of interval distances extending from the beginning end to
the terminal end, wherein the coded strip ismountable at a starting position adjacent to the
performance space and extendable for the predetermined number of interval distances adjacent to
the performance space.

2. The performance arena system of claim 1, wherein the coded strip comprises a
code center line and is mountable adjacent to the performance space in amanner that defines a
reference plane above a performance surface, and wherein a sequence of code marks in the coded
strip includes anon-repeating sequence of blocks at regularly spaced intervals along the code
center line.

3. The performance arena system of claim 2, wherein the non-repeating sequence of
blocks includes dark blocks interspersed with light blocks.

4. The performance arena system of claim 3, wherein some of the dark and light
blocks are positioned above the code center line, and wherein some others of the dark and light
blocks are positioned below the code center line.

5. The performance arena system of claim 4, wherein any interval that has a dark
block above the code center line has alight block below the code center line, and wherein any
interval that has alight block above the code center line has a dark block below the code center
line such that transitions of light blocks to dark blocks above the code center align with

transitions of dark blocks to light blocks below the code center line, and such that transitions of
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dark blocks to light blocks above the code center line align with transitions of light blocks to
dark blocks below the code center line, wherein intersecting comers of dark blocks above the
code center line with comers of dark blocks below the code center line form feature points on the
code center line.

6. The performance arena system of claim 5, including a positioning device
positioned in the performance space that includes adigital camera for acquiring an image
comprising one or more of the portions of the sequence of marks, the digital camera having a
lens system for focusing the image on an image sensor, the lens system having an optical center.

7. The performance arena system of claim 6, wherein the positioning deviceis
mountable on avehicle in amanner that positions the optical center in the reference plane.

8. The performance arena system of claim 7, including a processor programmed to
compare the image acquired by the digital camerato the sequence of marks in amemory to
identify the one or more portions of the sequence of marks in the image and to generate signals
that are indicative of the position and the orientation of the positioning device in the performance
space.

8. The performance arena system of claim 7, wherein the positioning deviceis
mountable on avehicle in amanner that positions the optical center in the reference plane.

9. The performance arena system of claim 8 wherein the processor isprogrammed to
identify the code center line by the feature points formed by the intersecting comers of dark
blocks above the code center line with corners of dark blocks below the code center line form
feature points on the code center line.

10. The performance arena system of claim 9, wherein the processor is programmed

toidentify the locations of the feature points in the image as respective locations of such features
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points on the coded strip and thereby the locations of such features on the perimeter of the arena
with respect to the starting position by identifying the corresponding locations of the respective
feature points in the sequence of marks and the specific locations around the arenain the
memory.

11.  The performance arena system of claim 2, wherein the performance surface has a
polygon shape and the performance space is surrounded by walls that intersect a corners, and

wherein the starting position is one of the comers.

12. A performance arena system, comprising:

acoded strip which extends around at least a portion of aperimeter of an arena space
above a performance surface, said coded strip comprising a sequence of code marks beginning at
a starting position, wherein portions of the sequence of marks at any specific position adjacent to
the arena space in relation to the starting position are unique to such specific position;

apositioning device positioned in the arenathat includes adigital camera for acquiring an
image comprising one or more of the portions of the sequence of marks; and

aprocessor programmed to generate signalsthat are indicative of the position and the
orientation of the positioning device in the arena based on the portion or portions of the sequence
of marks in the image.

13. The performance arena system of claim 12, wherein the sequence of code marks
includes a non-repeating sequence of blocks at intervals along the code center line.

14. The performance arena system of claim 13, wherein the non-repeating sequence

of blocks includes dark blocks interspersed with light blocks.
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15. The performance arena system of claim 14, wherein some of the dark and light
blocks are positioned above the code center line, and wherein some others of the dark and light
blocks are positioned below the code center line.

16. The performance arena system of claim 15, wherein some intervals have a dark
block above the code center line and alight block below the code center line and other intervals
have alight block above the code center line and adark block below the code center line such
that transitions of light blocks to dark blocks above the code center align with transitions of dark
blocks to light blocks below the code center line, and such that transitions of dark blocks to light
blocks above the code center line align with transitions of light blocks to dark blocks below the
code center line, wherein intersecting corners of dark blocks above the code center line with
corners of dark blocks below the code center line form feature points on the code center line.

17. The performance arena system of claim 16, wherein the digital cameraincludes a
lens system for focusing the image on an image sensor, the lens system having an optical center
aligned with the image sensor.

18. The performance arena system of claim 17, wherein the positioning deviceis
mountable on avehicle in amanner that positions the optical center in the reference plane.

19. The performance arena system of claim 18, wherein the processor is programmed
to identify the code center line by the feature points formed by the intersecting comers of dark
blocks above the code center line with corners of dark blocks below the code center line form
feature points on the code center line.

20. The performance arena system of claim 19, wherein the processor is programmed
toidentify the locations of the feature points in the image as respective locations of such features

points on the coded strip and thereby the locations of such feature points in relation to the
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starting position by identifying corresponding locations of the respective feature points in the
sequence of marks and the specific locations adjacent to the arena space that are stored in a
memory.

21. The performance arena system of claim 12, wherein the performance surface has
apolygon shape and the arena space is surrounded by walls that intersect at corners, and wherein
the starting position is one of the corners.

22. The performance arena system of claim 12, wherein the performance space has a
perimeter, and wherein the coded strip extends from the starting position at least partially around
the perimeter of the performance space.

23 A method of assembling a performance arena, comprising placing a coded strip a
least partially around or in the performance arena, wherein the coded strip has abeginning end
and aterminal end with the a code length between the beginning end and the termina end, and
the placing of the coded strip at least partially around or in the performance arena places the
beginning end at a starting position in relation to the performance arenathat has a particular
location in relation to the performance arena, and wherein the coded strip comprises aplurality
of feature points in the code length between the beginning end and the terminal end with each
feature point being a a predetermined distance from the beginning end so that each of the feature
points in the code length is at the respective predetermined position in relation to the starting
position.

24. The method of claim 23, including assembling a plurality of walls around a
performance space to intersect each other a aplurality of corners, designating one of the comers
asthe starting position, and mounting the coded strip on the walls with the beginning end of the

coded strip positioned at the comer that is designated asthe starting position, whereby each of
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the feature points in the coded strip islocated a the respective predetermined distance from the
corner that is designated asthe starting position.

25. The method of claim 24, including assembling a plurality of walls on a
performance surface and mounting the coded strip on the walls such that a center line of a code
on the coded strip is at a constant height.

26. The method of claim 23, including applying various segments of the coded strip
to aplurality of walls with a center line of the coded strip in each segment positioned a a
constant height on each wall.

27. The method of claim 26, including assembling the plurality of walls around or
adjacent to aperformance surface in such amanner that the center line of the coded strip defines

aplane at the constant height above the performance surface.

28. Method for determining position and orientation of a device being positioned
within a surrounding structure, the device having amovement control system configured to move
the device within the surrounding structure, the method comprising:

placing apredetermined continuous pattern (code strip) on the surrounding structure,
wherein the predetermined continuous pattern is printed with a predetermined, non-repeating
sequence of black blocks and white blocks occurring at regularly spaced intervals, and wherein
some of the blocks are twice aslong as others as measured lengthwise;

using a positioning system on the device which continuously captures images of the
continuous pattern;

determining athree-dimensional position and three degrees of orientation within the

surrounding structure based on the captured images, and
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utilizing the movement control system to move the device within the surrounding
structure based on the determined three-dimensional position and three degrees of orientation.
29. The method of Claim 28, wherein the positioning system being capable of capturing
images in afield of view configured to determine two-dimensional position and three degrees of
orientation with respect to the continuous pattern
30. The method of Claim 29, wherein the positioning system comprises camerawith lens
system having an effective optical center projecting onto image sensor which isin
communication with computational means, which is configured to determine the device's
position and orientation independently of any communication outside of itself.
31. The method of Claim 30, wherein the surrounding structure isa polygonal shaped structure
with the origin of a coordinate system located at a center of the structure and defining a position
x-axis to the right of center, and a positive y-axis in front of center.
32. The method of Claim 30, wherein the code strip is aligned with corners of the
surrounding structure and does not include measurements of the exact location of discrete
markers, the continuous code strip automatically self-locates over different feature points without

any measurement eliminating calibration and measurement data for the surrounding structure.
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