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DISTANCE SENSOR SYSTEM AND METHOD
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application is a continuation in part of co-pending United States
patent application Serial Number 11/515,022, entitled “MULTI-FUNCTION ROBOTIC
DEVICE,” filed September 1, 2006, and a continuation in part of co-pending United
States patent application Serial Number 11/515,100, entitled “LOCALIZATION AND
MAPPING SYSTEM AND METHOD FOR A ROBOTIC DEVICE,” filed September 1,

2006, the disclosures of which are incorporated herein by reference in their entireties.
BACKGROUND
Field of the Invention

[0002] Aspects of the present invention relate generally to the field of distance
measuring, and more particularly to a distance measuring system and method

employing a laser distance sensor having utility in various applications.
Description of Related Art

[0003] Automatic or autonomous devices (i.e., robotic devices or robots) that can be
used for home and commercial applications, such as cleaning, often must be operative
to navigate around an environment with no, or minimal, input from a user or an operator.
To be cost-effective for many home or commercial applications, conventional sensor
systems enabling or facilitating robot navigation tend to be very simple. In that regard,
primitive navigation systems cause conventional devices to ricochet around an operating
environment inefficiently; these devices reactively carom off of obstacles and repeatedly
re-visit areas that have already been treated, wasting valuable consumables and battery
capacity. As an alternative, it may be desirable in some instances to implement a
sophisticated sensor system in a way that serves a number of functions while minimizing

or eliminating redundancies to maintain cost-effectiveness.

[0004] The foregoing co-pending United States patent applications provide, among
other things, practical solutions to previously unresolved difficulties typically associated
with navigation of robotic devices; the disclosed embodiments of distance sensor
apparatus and methods have utility in numerous applications beyond robotic device

navigation, however.
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[0005] For example, many automobiles have recently been equipped with electronic
distance measuring mechanisms to assist a driver attempting to park the vehicle. In
some implementations, relatively rudimentary radar, ultrasound, infrared (IR) or other
sensors may be employed, for example, at or near the rear bumper; when the vehicle is
in a reverse gear, the sensors may measure distances to objects disposed in a “blind
spot” or that might otherwise be difficult to observe from the driver's seat. Such systems
typically employ an audible warning mechanism in which changes in tone or frequency,
for example, may provide an indication of an obstacle’s distance from the sensors. More
sophisticated automated systems may employ various sensors that seek to enable an
automobile to park itself automatically, ie., without driver intervention, in some

situations, such as during parallel parking.

[0006] Some automobile manufacturers are working to develop “smart cruise control”
functionality, which attempts to control throttle and braking systems in order to maintain
a safe following distance, for example, as a function of speed and other traveling
conditions. With the recent introduction of high resolution display panels into automobile
instrument clusters (to display various information from audio entertainment selections to
detailed navigational information and global position system (GPS) data), it may be
desirable in some instances to incorporate display of critical information relying upon

distance measurements into automobiles and other vehicles.

[0007] Distance measuring equipment may have utility in connection with any type of
moving vehicle and in any of various environments. In addition to the robot and
automobile examples described above, for instance, a fork-lift operating in a warehouse
may benefit from installation of accurate distance measuring systems, particularly since
operator visibility may be restricted in many circumstances. Additionally, various types
of sensing technology may have utility in stationary, or “fixed,” applications, i.e., where a
fixed sensor is operative to detect motion in its operating environment. For example,
some industrial safety systems may employ a “safety curtain” in which a sensor (or a
sensor array) may provide a warning in the event that a person or moving equipment
approaches dangerous machinery. In other examples, sensors or sensor arrays may be
fixed at a turnstile, a safety check point, a toll-booth, or other area to be monitored; such
systems may be employed to detect and to count people or vehicles passing through a

particular area of space.
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[0008] Typical distance measuring equipment is either too expensive to be practical for
many applications or too large and cumbersome to be suitable for applications requiring
a small form factor. Two popular laser distance sensor (LDS) devices that have limited
potential for use in vehicular or other applications, the SICK LMS 200, currently
marketed by SICK AG, and the Hokuyo URG-04LX, currently marketed by Hokuyo
Automatic Co., Ltd., both cost an order of magnitude more than the simplest home and
commercial robot cleaners, making them unsuitable for such uses. Additionally, these
devices rely upon spinning mirrors for scanning operations, and consequently require
attendant lenses and other optical components; the resulting large form factors and
limited resolution and range tend to make most of these devices unsuitable for

automotive or other large-scale applications.

[0009] Therefore, it may be desirable to provide a laser distance sensor system and

method capable of acquiring accurate distance data in a compact, robust package.
SUMMARY

[0010] Embodiments of the present invention overcome the above-mentioned and
various other shortcomings of conventional technology, providing a distance measuring
system and method employing a laser distance sensor having utility in various
applications. In accordance with one aspect of the present invention, a laser distance

sensor may acquire accurate distance measurements with a short baseline.

[0011] The foregoing and other aspects of various embodiments of the present invention
will be apparent through examination of the following detailed description thereof in

conjunction with the accompanying drawing figures.
BRIEF DESCRIPTION OF THE DRAWING FIGURES

[0012] FIG. 1 is a simplified diagram illustrating a top view of a robot employing one

embodiment of a distance sensor.

[0013] FIG. 2 is a simplified diagram illustrating a top view of a robot employing an

alternative embodiment of a distance sensor.

[0014] FIGS. 3A and 3B are simplified diagrams illustrating a top view of another

alternative embodiment of a distance sensor.
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[0015] FIGS. 4A and 4B are simplified diagrams respectively illustrating top views of a
robot employing another alternative embodiment of a distance sensor and components

of the distance sensor.

[0016] FIG. 5 is a simplified diagram illustrating basic geometry that may be employed in

triangulation.

[0017] FIG. 6 is a representative graph illustrating the effect of the product of focal

length and baseline on the performance characteristics of a laser distance sensor.

[0018] FIG. 7 is a simplified perspective view of components of one embodiment of a

mount carrying a source and a sensor.

[0019] FIG. 8 is a representative graph plotting maximum permissible exposure and

pulse power as functions of pulse width.

[0020] FIG. 9 is a simplified block diagram illustrating components of one embodiment

of an electronics package employed in a laser distance sensor.

[0021] FIG. 10 is a simplified diagram illustrating rotational geometry of a laser distance

Sensor.
DETAILED DESCRIPTION
Introduction

[0022] Some robotic systems, such as those disclosed in the related co-pending United
States patent applications, for example, may use laser rangefinders to facilitate mapping
and localization functionality. While manufacturing costs and power requirements
associated with the various components represent impediments to development and
deployment of low-cost, efficient robot platforms for consumer or commercial use, the
foregoing applications and the present specification address solutions that make laser
rangefinding technology practical in various contexts. In that regard, it is noted that laser
distance sensor (LDS) technology has certain advantages that make it suitable for,
among other implementations, indoor and outdoor mobile robot or automobile

rangefinding applications.

[0023] While many sensor technologies (with varying degrees of complexity) may be
utilized for acquiring distance data, LDS systems efficiently provide data in readily

useable form. For example, an LDS outputs distance data, directly; i.e., it provides



WO 2009/012474 PCT/US2008/070548

information related to distance between the LDS and objects in its field of view. This
direct measurement functionality may be distinguished, for example, from vision sensor
technologies, which compute distances indirectly from acquired image data; accordingly,
these systems typically require sophisticated imaging hardware as well as complicated
(and generally error-prone) image data processing and other computational overhead in
order to measure distances. Unlike other types of distance measuring equipment such
as systems relying upon ultrasonic transducers or IR sensors, an LDS is capable of fine
angular and distance resolution, real-time acquisition of a vast number of data points
(hundreds or thousands of point measurements per second), and low false positive and
negative rates. Further, efficient mapping and localization algorithms exist for use in

conjunction with LDS scan data.

[0024] As is generally known, the accuracy with which triangulation-based LDS systems
acquire data may be limited by the overall size of the sensor device. In particular, the
baseline, i.e., the distance between the source laser and the sensor or position sensing
device (PSD), may affect both accuracy and range. In general, within a certain range of
distances, accuracy and range of an LDS may vary directly proportionally to the
baseline, i.e., as the baseline decreases, accuracy and range of the device decrease.
Accordingly, designing and implementing a small-scale LDS that performs as well as a

larger device with a longer baseline is challenging.

[0025] A laser distance sensor system and method as set forth below may utilize a
compact, planar LDS that has capabilities comparable to larger, more expensive laser
scanners: as great as about 1cm - 3cm accuracy out to ranges of about 6m; rapid
acquisitions of approximately 4kHz or greater with full 360 degree scans of about 10Hz
or greater; and angular resolutions of about 1 degree or less over a full 360 degree scan
with angular errors of about 0.25 degrees or less. In addition, the LDS embodiments set
forth below may include some or all of the following characteristics: the laser employed
may be eye-safe in accordance with applicable safety standards; the systems and
methods may be operative under standard indoor lighting conditions and some outdoor
conditions; a short baseline may enable the LDS sensor to be small in size; and the

system may exhibit low power consumption requirements of 2W or less.

[0026] It will be appreciated that the embodiments illustrated and described herein may

have utility in various robotic devices capable of autonomous localization and mapping
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as well as in connection with numerous other applications including, but not limited to,
automotive or vehicular applications benefiting from relatively short- to medium-range
distance measurements. Other examples include construction site applications (e.g.,
surveying or otherwise monitoring a group of buildings or a room), industrial “safety
curtain” applications, area monitoring for people or vehicle counting applications, and the
like.

Implementation

[0027] With reference now to the drawing figures, FIG. 1 is a simplified diagram
illustrating a top view of a robot employing one embodiment of a distance sensor, and
FIG. 2 is a simplified diagram illustrating a top view of a robot employing an alternative

embodiment of a distance sensor.

[0028] In FIGS. 1 and 2, robot 100 may be embodied in any of various autonomous,
self-propelled devices designed and operative to perform a task. In some typical home
and commercial implementations, robot 100 may be configured to perform sweeping,
vacuuming, mopping, or waxing functions; similarly, some embodiments of robot 100
may be capable of performing yard or garden care functions such as mowing and raking.
As illustrated and described in the related co-pending applications, robot 100 may be
selectively configured to perform any one of a number of different tasks. It will be
appreciated that the present disclosure and claimed subject matter are not intended to
be limited by any particular structural or functional characteristics of robot 100. As set
forth below, an LDS as described herein may be attached to, integrated with, or
otherwise employed in conjunction with any type of moving vehicle or in any of various

fixed location sensing applications such as those described above.

[0029] As indicated in FIG. 1, one embodiment of an LDS system 260 generally

employs a source 1090 and a sensor 1010 separated by a distance, i.e., the baseline.

[0030] Sensor 1010 may include or be embodied in a charge-coupled device (CCD), a
linear CCD, a complimentary metal-oxide semiconductor (CMOS) sensor, a position
sensitive detector (PSD), or other sensor apparatus that is sensitive in the same
frequency bands of the electromagnetic spectrum as output from source 1090. Some of
this technology, or variations thereof, is gaining popularity in digital cameras and in other

consumer electronics applications, and various types of digital camera sensing
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technology may be integrated sensor 1010. One example of a device suitable for use as
sensor 1010 is a CMOS sensor (such as, e.g., a model number MT9V032 sensor
currently marketed by Micron Technology, Inc.), though other types of sensor technology

may be employed as noted above.

[0031] Source 1090 may comprise or be embodied in a laser, for instance, or any other
source that produces electromagnetic energy within the band of the spectrum that is
detectable by sensor 1010. In some circumstances, accurate distance measurements
may benefit from highly collimated light. While a light emitting diode (LED) may be
employed with collimating optics, for example, a laser may be more efficient, effective, or
both. As described herein, source 1090 will be referred to as a laser, though other types
of electromagnetic sources (either currently available or developed in the future) may
also be suitable to achieve similar results. The output of source 1090 may be visible or
invisible to the human eye. One example of a suitable source 1090 is a short
wavelength laser diode (such as, e.g., a model number SLD-650-P5-300-05 currently
marketed by Union Optronics Corporation), though other devices may also enable

accurate distance measurements as set forth below.

[0032] It may be desirable to utilize source 1090 that is capable of producing variable
output in differing frequency bands, as color and reflectivity of illuminated objects may
affect distance measurements using some methodologies by influencing the quality and
characteristics of light received by sensor 1010. Shifting output of source 1090 to a
different frequency may produce more accurate results in some cases. Additionally or
alternatively, a filter operative to attenuate certain frequencies while transmitting others

may be utilized to produce similar effects.

[0033] Further, source 1090 may include an optics package, such as are generally
known in the art for collimating or otherwise affecting the properties of emitted light.
Such an optics package may employ one or more fixed focus lenses, active focus
control apparatus, light collimators, beam splitters, apertures, mirrors, selective band
pass filters, or various combinations of these and other components. As set forth in
more detail below, sensor 1010 may comprise or be implemented in combination with

various configurations of an optics package 1019 as well.

[0034] In some embodiments, output from source 1090 may be caused to rotate. In that

regard, a dedicated motor in robot 100 may be employed to provide desired rotation of
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source 1090 itself or of selected elements of an optics package. Source 1090 may be
rotated as a whole, for example, or a particular element of optics package (such as a
mirror or a beam splitter) may be rotated. Those of skill in the art will appreciate that
creating a rotating beam from conventional light sources and other optics components

may be accomplished without inventive faculty.

[0035] In operation, source 1090 and sensor 1010, or their respective optics
assemblies, may be so disposed on robot 100 as to have a full 360 degree view of the
operating environment. Accordingly, a beam from source 1090 may be continually or
intermittently rotated in a 360 degree pattern about an axis normal to the surface upon
which robot 100 is placed; alternatively, a beam may be swept back and forth across an
arc of less than 360 degrees. Additionally or alternatively, output from source 1090 may
be actively aimed in a particular direction momentarily. Each of the foregoing options

may be useful for acquiring data that facilitate distance measurements.

[0036] Projected light from source 1090 may reflect off objects in the operating
environment, and may be received by sensor 1010 at a measurable angle. Where the
relative position and spatial orientation of source 1090 and sensor 1010 are known and
recorded or otherwise stored in electronics associated with robot 100, LDS system 260
may facilitate accurate positioning of robot 100 by allowing precise distance
computations. In that regard, positional and navigational processing may be executed
by electronics integrated with robot 100, for example, taking into consideration both the
known geometry of sensor 1010 relative to source 1090 as well as the nature and timing
of signals received by sensor 1010. For example, distance may be determined through
trigonometry using a combination of factors such as the known distance between sensor
1010 and source 1090 (i.e., the baseline), the angle of reflected light detected by sensor
1010, the speed of robot 100, the time delay between production of the beam by source
1090 and its subsequent reception at sensor 1010, discrepancies between sequential
measurements, and so forth. The angle at which light enters sensor 1010 generally
varies over time as a function of robot 100 movement and due to rotation of the beam

produced by source 1090.

[0037] The angle of light incident on a sensing surface of sensor 1010 may be
determined in various ways. For example, the angle may be determined by identifying

the brightest pixel in the array on the sensing surface. Alternatively, the brightest
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contiguous series of pixels may be utilized, such as, for example, by identifying a center
or central region of the contiguous series and considering that the point of a brightest
pixel. Various image processing techniques such as sub-pixel processing, interpolation,
normalization, and the like, may be employed to locate a bright region on a sensing

surface of sensor 1010 and to employ that region to ascertain the angle of incident light.

[0038] In some embodiments, output from source 1090 may be projected as a plane
such that, when incident on a substantially vertical surface (such as a wall), the light may
be detected as a substantially vertical line on that surface. Distance to different parts of
the projected line may be determined by measuring the angle of light detected by sensor
1010. For example, where output from source 1090 is projected onto a surface that is
vertical with respect to optical assembly 260, sensor 1010 may detect a straight vertical
line. Where output from source 1090 is projected onto a surface that is not vertical,
sensor 1010 may detect a line that is angled from vertical. In that regard, those of skill in
the art will appreciate that source 1090 may produce a point of light or a line of light.
Where a line of light is produced by source 1090, an actual respective distance may be
computed with respect to the location at which respective parts of the line are projected
onto a surface; i.e., a plurality of distance measurements may be made, each of which
may correspond to a particular portion of the projected line of line. In the foregoing
manner, a three-dimensional depth map may be constructed for a 360 degree scan of

the operating environment.

[0039] Given the arrangement of components of LDS system 260, various
methodologies may be employed to detect distance to objects. So called “time-of-flight”
and triangulation computations, for example, generally have utility in calculations based
upon relative positions of components, angular orientation, speed, and multiple
measurements. Another method may employ measuring an amplitude of reflected
electromagnetic energy that is incident on sensor 1010. In that regard, where output
from source 1090 is lased or other highly collimated light, the material, color, and
reflectivity characteristics of an illuminated object may affect the amplitude of light
detected by sensor 1010 that is reflected off of that object; accordingly, distance
measurements acquired in this manner may be extremely accurate, or may suffer from
significant inaccuracies due to limitations of this sensing methodology, depending upon

the composition of the object that is illuminated.
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[0040] One strategy for counteracting this shortcoming includes illuminating an object
with independent sources of light of differing types, such as a laser (or other source of
collimated light) and an LED (or other source of diffuse light). Alternatively, source 1090
may be implemented to produce lased light of varying frequencies. Measurements of
reflected light of different types may enable electronics associated with robot 100 to
account for amplitude fluctuations detected in the returned collimated light, such as may
be caused by color, reflectivity, or other characteristics of the illuminated object. In the
foregoing manner, use of different frequencies may facilitate, for example, error
correction, normalization, or other calculations having utility in assessing the amplitude

(and amplitude variations) of detected collimated light.

[0041] Accuracy of distance measurements computed as set forth above may be
influenced by the regularity and the frequency with which they are obtained.
Accordingly, in one embodiment, source 1090 remains operative permanently to
produce a continuous beam; sensor 1010 may take instantaneous readings of received
light at periodic intervals; in some instances, the shorter the interval between successive
measurements, the more accurate the measurements may be. As an alternative, where
sufficient processing power is available, sensor 1010 may operate continuously to
monitor changing signals in real time as robot 100 dynamically changes its orientation.
Alternatively, source 1090 may provide intermittent or pulsed output; as in the previous
embodiment, sensor 1010 may operate continuously, though distance measurements
may only be acquired when source 1090 outputs a pulse. As another alternative, sensor
1010 may be synchronized with a pulsing source 1090, such that sensor 1010 only takes
exposures when a pulse is projected by source 1090. In such embodiments, any of
various types of synchronization mechanisms may be employed to time the intermittent
operation of source 1090 and sensor 1010. For example, a microprocessor or
microcontroller may provide appropriate driving signals to source 1090 and sensor 1010
to synchronize operations; additionally or alternatively, an optical encoder or other

electromechanical synchronization mechanism may be employed.

[0042] As noted above, sensor 1010 may be employed in conjunction with an optics
package. In some situations, it may be desirable that the optics package includes a
narrowband optical filter that operates at substantially the same frequency as the output

from source 1090; in such embodiments, the brightest light detectable by sensor 1010

-10 -
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will generally be the light projected by source 1090. It will be appreciated that such a

filter strategy may not be desirable for certain applications.

[0043] Those of skill in the art will appreciate that the implementation and structural
arrangement of components of source 1090 and sensor 1010 (and any attendant optics
packages) are susceptible of numerous variations. For example, one or more cameras
with conventional lenses may be utilized at sensor 1010; if 180 degree “fisheye” lenses
are utilized in an optics package, two sensors may cover an entire 360 degree region.
Rather than employing an optics package to rotate a beam from source 1090, a fixed
light source may be employed on a rotating platform external to robot 100; sensor 1010

may also be mounted on such a rotating platform as indicated in FIG. 2.

[0044] In the FIG. 2 embodiment, LDS 270 may comprise a rotating platform or boom
upon which sensor 1010 and source 1090 are mounted. In operation, source 1090 may
be fixed with respect to a longitudinal axis of the boom, for example, such that rotation of
output may be effectuated by rotation of the boom about an axis of rotation. This
arrangement may simplify source 1090 and sensor 1010 (and any attendant optics
packages) such that the need for internal spinning mirrors or other rotating assemblies is
minimized or eliminated. As depicted in FIG. 2, it may be desirable for source 1090 and

sensor 1010 to be disposed on opposite sides of the axis of rotation of the boom.

[0045] FIGS. 3A and 3B are simplified diagrams illustrating a top view of another
alternative embodiment of a distance sensor. As illustrated, both source 1090 and
sensor 1010 of LDS system 270 may be situated on the same side of the boom’s axis of
rotation. A proximal mirror, used to detect near objects, for example, may be positioned
relatively close to sensor 1010; conversely, a distal mirror, used to detect distant objects,
for example, may be positioned relatively far from sensor 1010. In the illustrated
embodiment, the proximal mirror and the distal mirror may be positioned at different
heights (e.g., along the rotational axis illustrated in FIG. 3A) to allow a respective portion

of a sensing surface at sensor 1090 to detect light from each respective mirror.

[0046] It will be appreciated that the differing views for the proximal and distal mirrors
may be used to facilitate both long and short distance detection modalities; light from the
mirror having the more appropriate view for a particular object may be utilized for
distance computations. For example, a position of a laser dot as viewed through the

proximal mirror may be used to determine distance to nearby objects, whereas a

11 -
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position of a laser dot as viewed through the distal mirror may be used to determine
distance to far-away objects. Accuracy of detection at far distances may be greater
through the distal mirror than through the proximal mirror due to the view associated with
each respective mirror, collimating characteristics of the mirrors, and other factors.
Additionally or alternatively, when both mirrors detect an object (such as an object in a
location where the mirrors’ fields of view overlap as illustrated in FIG. 3B),
measurements from both mirrors may be employed to compute an average, for example,

or to cross-check one measurement against another.

[0047] Embodiments of robot 100 implementing an LDS system such as set forth above
may be particularly efficient at thoroughly and systematically covering an entire
operating environment. In that regard, robot 100 may be guided or influenced by
suitable electronics based, at least in part, upon data related to distance measurements
acquired by LDS system 260 or 270. Various versions of simultaneous localization and
mapping (SLAM) techniques may have utility in such applications, and the present
disclosure and claimed subject matter are not intended to be limited by any particular

data processing operations executed with respect to acquired distance data.

[0048] FIGS. 4A and 4B are simplified diagrams respectively illustrating top views of a
robot employing another alternative embodiment of a distance sensor and components
of the distance sensor. In this embodiment, LDS 270 illustrated in FIG. 2 has been
modified into a small form factor; robot 100 generally comprises, among other things, an
LDS system 290 having an appreciably shorter baseline than the embodiment of LDS
system 270 illustrated in FIG. 2.

[0049] In one embodiment, LDS system 290 generally comprises a source 1090 and a
sensor 1010 secured or attached to a mount 291. Mount 291 may rotate about a
rotational axis within a housing 292. In that regard, mount 291 may be coupled to a
suitable motor (such as a stepper motor, a brush motor, a direct current (DC) motor, or
other electric motor) capable of providing rotation, either directly or through an
appropriate gearing mechanism; alternatively, mount 291 may be coupled to an
appropriate gearing mechanism cooperative with robot 100 such that rotation for mount
291 may be provided responsive to motion of robot 100, e.g., as a function of rotation of
wheels or tracks on robot 100. LDS system 290 may receive electrical power to drive

such a motor from an external source, for example, disposed in robot 100; alternatively,

-12-
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LDS system 290 may comprise or otherwise incorporate an internal power supply, such

a rechargeable battery, for example.

[0050] In some circumstances, it may be desirable to rotate mount 291 a full 360
degrees at rates of up to 10 rotations per second; additionally or alternatively, mount 291
may rotate less than 360 degrees, and may sweep through a predetermined or
dynamically adjusted arc in both clockwise and counterclockwise directions. Various
types of motors and rotating assemblies are generally known in the art that may be
suitable to provide such rotation for mount 291. In some embodiments, mount 291 may
be rotatable through an arbitrary number of 360 degree uni-directional rotations; this
may be accomplished, for example, using inductive power and data couplings or a slip

ring.

[0051] Housing need not be circular in plan view as illustrated in FIGS. 4A and 4B,
though circular embodiments may be easy and efficient to implement given rotation of
mount 291. Housing 292 may be attached to, and project from, a surface of robot 100
such that source 1090 and sensor 1010 project far enough from the surface to operate,
i.e., such that the light emitted by source 1090 and received by sensor 1010 is not
obstructed, obscured, or otherwise attenuated by structural elements of robot 100.
Housing 292 may comprise a substantially transparent window or protective covering to
minimize the likelihood that performance of source 1090 and sensor 1010 may
deteriorate due to particulate or other contamination. Such a window or protective
covering may be constructed of material (such as a plastic, acrylic, or sapphire, for
example) that has suitable optical characteristics to allow light at the operative
frequencies of source 1090 and sensor 1010 to pass substantially unattenuated, i.e.,
such that the performance characteristics of sensor 1010 and source 1090 are not
significantly diminished. The material used for such structures may be selected in
accordance with the particular sensing technology employed. It will be appreciated that
such a substantially transparent window may be incorporated into the structure of
housing 292, and may extend a full 360 degrees in some embodiments, allowing source

1090 and sensor 1010 to acquire distance measurements from 360 degree scans.

[0052] LDS system 290 may additionally comprise a processor 299 providing internal or
“on-board” computational functionality. Processor 299 may be embodied in or comprise

any of various types of computing hardware such as single- or multi-core
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microprocessors, microcontrollers, programmable logic controllers, application specific
integrated circuits (ASICs), field programmable gate arrays (FPGAs), and other types of

data processing engines.

[0053] In some embodiments, processor 299 may be designed and operative to support
the functionality of source 1090 and sensor 1010 and to provide distance measurement
data to an external device or processor (such as disposed on robot 100, for instance) for
additional processing and distance computations. Alternatively, processor 299 may be
sophisticated enough to perform all necessary or desired distance calculations, the
results of which may be provided to an external device or processor. In that regard,
processor 299 may be in data communication with additional processing resources (i.e.,
external to LDS system 290) either wirelessly or via a data line. In wireless
embodiments, processor 299 may communicate utilizing the Bluetooth standard, for
example, or the Institute of Electrical and Electronics Engineers (IEEE) 802.11 standard,

though other standards and communications protocols may also be employed.

[0054] It will be appreciated that LDS system 290 may comprise additional components
to facilitate execution of various necessary or desired operations. As set forth below
with reference to FIG. 9, for example, LDS system 290 may include memory and
appropriate drive electronics to control or otherwise to influence operation of source
1090 and sensor 1010 responsive to, for instance, data received from an optical

encoder.

[0055] As set forth in more detail below, LDS system 290 may represent an innovative
laser point sensor module that works on the triangulation principle, using source 1090
projecting a laser point beam and sensor 1010 comprising a line sensor, separated by a
short baseline. In some embodiments, LDS system 290 incorporates source 1090,
sensor 1010, any attendant optics or optical components, and processor 299 in a small,
rigid package; in that regard, LDS system 290 may be slightly larger than currently
available IR distance sensors, but may provide substantially superior performance

characteristics such as accuracy and speed.

[0056] As noted above, LDS system 290 may be in data communication with external
devices, processing resources, or other computer systems. Such data communication
may be via wireless RF protocols such as Bluetooth or IEEE 802.11, for instance, or via

any number of different data communication methodologies. By way of example, data
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communication may be effectuated via carrier current on a power supply line or via
optical or other types of data lines, for instance, provided through a slip ring or other
mechanism. Alternatively, data may be provided inductively, for example, taking
advantage of the rotation of mount 291. Similarly, power for the various components of

LDS system 290 may be supplied inductively or through a slip ring.

[0057] In that regard, it will be appreciated that mount 291 may not be limited with
respect to its rotation. By employing a slip ring or inductive couplings, for example,
mount 291 may be enabled to rotate through an arbitrary number of rotations in a

particular direction.

[0058] Regarding data communication, it will be appreciated that LDS system 290 may
provide raw data or distance measurements to any of various external systems. In some
embodiments, such data may be supplied to a navigational system of robot 100 (such as
illustrated in FIGS. 1, 2, and 4A) or to some other sort of autonomous vehicle.
Alternatively, LDS system 290 may provide data to a “people-counting” system (e.g.,
employed at a sports or entertainment venue, a court house, an airport, a toll-booth, or
the like), a “safety curtain” proximity warning system (e.g., for use in industrial or other
commercial settings), residential or commercial alarm systems, and various other fixed

location sensing systems.

[0059] In some embodiments, LDS system 290 may provide data related to distance, or
actual distance measurements, to an electronics module disposed in a vehicle such as
an automobile. Depending upon the sophistication of the electronics module and
capabilities of one or more navigational systems or system components, for instance,
such a vehicle may incorporate LDS system 290 and data acquired therefrom to
navigate, or to drive or park itself, autonomously, for example. Alternatively, integration
of distance data into a navigation system or safety system may be provided for use in
conjunction with a monitor or display in the vehicle. For example, many navigational
aids provide maps or other displays to assist a driver in arriving at a particular location;
while such systems are equipped to display streets, for example, they cannot display
obstacles. A vehicle electronics module may readily be adapted to incorporate distance
data received from LDS system 290 and to display a plan view or three-dimensional
perspective view of the area around the vehicle such that adjacent vehicles, fire

hydrants, telephone poles, guard rails, and the like are displayed in their locations
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relative to a representation of the vehicle. In that regard, a vehicle incorporating LDS
system 290 and using distance data to provide a visual aid or other distance related
information to an operator may be particularly safe to operate while parking, for instance,

and while driving in fog or other adverse conditions.
Triangulation Technology

[0060] All currently available single-point scanning sensors (such as the SICK and
Hokuyo devices noted above) use mirrors to scan the point sensor. These devices are
generally configured as time-of-flight distance sensors, ie., they measure the time
required for light to travel to an object and to be reflected to the sensor. An alternative
technology is triangulation. As noted above, in accordance with triangulation
methodologies, the distance to an object may be measured as a function of the angle of

light reflected from an object.

[0061] FIG. 5 is a simplified diagram illustrating basic geometry that may be employed in
triangulation computations. A source produces a small point of light (such as lased or
otherwise collimated light), which reflects off an object and onto an image plane of the
sensor; the light incident on the image plane of the sensor is often referred to as a “dot.”
An ideal pinhole camera or other sensor may be oriented so that the beam produced by
the source is parallel to the ray through the center of focus to the edge of the useable
portion of the image plane. This structural arrangement enables an LDS to compute
distance measurements from infinity (at one edge of the image) to a minimum distance,
gmin, (at the other edge of the image) by ascertaining the location of the dot. From
similar triangles, the perpendicular distance, q, to the object from the center of focus is

defined as follows:

g=L£ (Eq. 1)

X

where f is the focal length, s is the baseline, and x is the distance measured between the
ray parallel to the source beam and the ray returned from the object. The distance to the
object may therefore be ascertained as a function of the angle (affecting the location) of

the dot in the image reflected from the object.

[0062] Further, the distance, d, to the object along the source output ray depends upon

the angle, B, of the source with respect to the image axis:
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d=gq/sin(f) (Eq.2)

[0063] Equations 1 and 2 show the hyperbolic relationship between image distance (i.e.,
distance measured on the image plane of the sensor) and object distance that is a
property of triangulation. This nonlinear relationship can pose difficulties with respect to
determining longer distances, since the range sensitivity grows quadratically with

distance as follows:

d__4_ (Eq.3)

dx fs
[0064] For example, if a displacement in the sensor of a single pixel (i.e., on the
sensor’s array) corresponds to a 1cm distance displacement at 1m, then the same single
pixel displacement of the image on the sensor would correspond to a 4cm displacement

at 2m.

[0065] As noted above, the criteria consistent with good minimum distance performance
(from Equation 1) and the criteria consistent with good range resolution (from Equation
3) are generally counter-balancing, i.e., a small fs product provides a small qmin, Whereas

a large fs product provides better range resolution.

[0066] The relative weight provided to the product of fs in distance computations may
depend upon, or may otherwise be determined or influenced by, the capabilities and
functional characteristics of the sensor employed. In some embodiments, the sensor
may have a short exposure time (e.g., to improve ambient light rejection) and a large
number of pixels (e.g., to allow for fine resolution of x). In one embodiment, a global-
shutter CMOS sensor with 752 pixels of resolution and a minimum shutter time of 35us
may be sufficient for many applications; in this case, each pixel is approximate 6um, and
sub-pixel interpolation processing may allow for effective resolution within 0.1 pixel or

better.

[0067] FIG. 6 is a representative graph illustrating the effect of the product of focal
length and baseline on the performance characteristics of a laser distance sensor.
Given the foregoing parameters, the effect of fs on range resolution and minimum
distance may be plotted as indicated in FIG. 6, with range resolution decreasing and Qqmin
increasing as the fs product increases. If qQmin is to be 20cm or less (which may be

desirable for some small scale robotic applications, for example), fs should be 900 or
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greater. If the range resolution is to be 30mm or less at 6m, the fs product should be
greater than 700. An fs product of 800 may be selected as a good compromise for many
implementations, though it will be appreciated that this product may be selected in

accordance with the type of use for which the LDS system is intended.

[0068] The product fs = 800 may be achieved in different ways, but for small scale
applications, it may be desirable to provide a short baseline (as set forth above) while
keeping the focal length reasonable (longer focal lengths generally require longer
lenses). As an example, with a baseline of approximately 50mm, the focal length may

be approximately 16mm.

[0069] The angle, B, of the source output relative to the optical axis may be computed

as follows:
[ =arctan(f/(376* 6 um)) ~ 82° (Eq. 4)

[0070] The total error of an LDS system may be a function of the various parameters set
forth above, any error in dot resolution at the sensor, calibration procedures, or a
combination thereof. The term “calibration” in this context may generally refer to any
misalignments of the various components. Such misalignments that may affect overall
LDS operation include the mounting angle of the source (e.g., a laser diode), the
mounting angle of the sensor (or an associated lens), and any distortion introduced by

lenses or other optical components at the sensor.

[0071] With respect to the relative mounting angles of the source and the sensor, it is
noted that the illustration of FIG. 5 generally depicts the source beam and the lens
principal ray (i.e., the parallel ray) generally residing in the same plane. While this is
ideal, in practice, it may not always be the case. During calibration, the horizontal
scanline (e.g., in the sensor) that best corresponds to the location of the source beam at
all distances may be sought. During operation, the LDS may employ some number of
scanlines above and below this midpoint line on the sensor. For example, the LDS may
rely upon data at eleven lines of pixels on the sensor array (ie., CCD or CMOS)
representing the calibrated scanline as well as five lines above and five lines below;
other combinations (including even numbers) of lines may be utilized in operation. If the
sensor is not rotated excessively relative to the plane of the source and the focal point,

eleven lines may be sufficient to approximate the ideal planar geometry.
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[0072] With respect to lens distortion, it is noted that for a 16mm lens, typical distortion
may be limited to a few percent at the edge of the field of view, especially when
optimizing for a single wavelength of incident light. When calibrating an LDS having
such a lens associated with the sensor, such lens distortion may be ignored; as an
alternative, test readings at or near the limit of the intended range may be weighted

more heavily than test readings acquired closer to the sensor.

[0073] In accordance with some embodiments, therefore, an LDS may be calibrated by
locating a center scanline that best identifies the source beam at various distances and
employing a band of scanlines around the center scanline to localize the dot reflected to
the sensor. For a set of readings at known distances, the curve described by Equation 1
may be fit, in which distant readings may be weighted more heavily than close readings.
Two parameters (the product fs, and the pixel offset for calculating x) may be optimized
for subsequent use during distance measurement acquisition. It will be appreciated that
the foregoing is provided by way of example and not by way of limitation; various other
methods of calibrating an LDS may be appropriate depending upon, for example, the
capabilities of the sensor employed, the wavelength of the light employed, the power
output of the source, the structural characteristics of the mount upon which the sensor

and source are disposed, or a combination of these and other factors.

[0074] For example, an LDS system may be capable of detecting an out of calibration
condition and may further be configured and operative to execute self-calibration
procedures, either independently or with operator intervention. When output from the
source is incident on a relatively long section of straight wall, for instance, the sensor will
detect readings that represent a variety of lengths along the wall as the mount rotates;
such distance readings will range from relatively short (e.g., at the area of the wall
proximate the LDS system such as when the output is normal to the surface of the wall)
to relatively long (e.g., further along the wall from the LDS system) as the angle of
rotation of the mount changes. If the LDS system were properly calibrated, appropriate
processing of acquired data should result in detection of a straight wall. If the LDS
system were improperly calibrated, however, processing operations may result in
apparent detection of a symmetrically curved wall, indicating an out of calibration
condition. In some instances, detection of apparent curvature may be due to the

performance characteristics discussed above with reference to Equation 3. Given the
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architecture of an LDS as described herein, shorter readings tend to be more accurate,
whereas longer readings tend to be less accurate. Where longer distance readings are
all inaccurately high, or all inaccurately low, an LDS system may detect what appears to
be a generally uniform and symmetrical curving surface as opposed to a generally
planar surface. As noted above, an LDS system may interpret such measurements as

an indication that recalibration may be necessary or desirable.

[0075] In some embodiments, an LDS system may incorporate or have access to a self-
calibration system capable of adjusting one or more calibration parameters to correct for
structural or other deficiencies, ie., to make the wall in the example above appear
straight. Calibration be executed manually in some instances, for example, or be
facilitated by operator input; in some cases, an operator may provide input instructing
the LDS system to execute a calibration procedure, and may further provide input
estimating a normal distance to a portion of a straight wall. Additionally or alternatively,
an LDS system may invoke calibration procedures automatically upon detection of an
out of calibration condition as set forth above. Such self-calibration may be based upon
the assumption that it is likely that a uniformly curved wall is actually straight, and
calibration parameters may be adjusted to facilitate processing accordingly. As noted
above, this effect may be predictable because, for short distances, an LDS may be very
insensitive to calibration, while conversely, for relatively long distances, an LDS may be
very sensitive to calibration. Given reasonably expected miscalibration conditions
(considering the operating environment and intended use), short or near distances may
be determined to a very good accuracy, and therefore the LDS may be calibrated over

the entire expected distance range from such accurate short distance measurements.

[0076] It is generally desirable that an LDS maintain the calibration under operating
conditions, which may include thermal stress, mechanical shock, and other conditions
that may tend to alter the structural arrangement or operating characteristics of the
several components. In some circumstances, therefore, it may be desirable that the
physical linkage (i.e., the mechanical connection) between lens elements, sensor,
source (and any attendant optics) be rigid and exhibit low thermal expansion or
distortion. Any relative movement of source and sensor may result in large errors,
especially at longer acquisition distances. In practice, the greatest threat to

misalignment may be relative rotation of the source and the sensor, such as may be
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caused by thermal expansion or mechanical shifting of the mount upon which they are

disposed.

[0077] FIG. 7 is a simplified perspective view of components of one embodiment of a
mount carrying a source and a sensor. In the FIG. 7 embodiment, mount 291 may be
similar to that described above with reference to FIG. 4B. Mount 291 generally includes
an L-shaped chassis 293, which may be constructed of steel, titanium, aluminum, nickel,
or various alloys that are rigid and have low thermal expansion coefficients.
Alternatively, chassis 293 may be constructed of composite materials or ceramics, for
example. Any material that exhibits sufficient structural rigidity and suitable heat transfer
characteristics may be employed. Mount 291 may also comprise an electronics package
297, such as may be embodied in a printed circuit board or monolithic integrated circuit

(IC), for example. Electronics package 297 is described below with reference to FIG. 9.

[0078] Source 1090 and sensor 1010 may be rigidly secured to chassis 293 such as
with screws or bolts, for example. In some instances, it may be desirable to weld, braze,
or otherwise to permanently affix source 1090 and sensor 1010 to chassis. The present
disclosure and claimed subject matter are not intended to be limited to any particular
method or structural mechanisms employed to secure source 1090 and sensor 1010 to
chassis 293; any mechanical or structural connection that provides sufficient rigidity and

adequately prevents relative motion of source 1090 and sensor 1010 may be employed.

[0079] Lens blocks associated with source 1090 and sensor 1010 may be glass-filled
polycarbonate, for example, or any other material that has a low thermal expansion and
high tensile modulus. Lens elements 295 may be constructed of glass, plastic, acrylic,
sapphire, or any other material having necessary or desired optical qualities as is
generally known in the art. Lenses 295 may be adjusted (e.g., for focus) via threaded
engagement allowing for selective modification of focal length as is known; in some
implementations, it may be desirable that both lenses may be locked down by, for
example, using set screws, adhesive, or a combination of these and other technologies

capable of securing lenses 295 such that their focus cannot readily be altered.

[0080] As noted above, it may be desirable that source 1090 and sensor 1010 be rigidly
connected to chassis 293 such that the relative angular orientation remains fixed, and
the baseline remains constant, under a variety of operating conditions. Such rigidity may

enable a high degree of precision in triangulation measurements, making a short
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baseline for LDS system 290 practical for moderate measuring distances (e.g., 6m or
more). Additionally, connecting source 1090, sensor 1010, and any attendant optics in
rigid mount 291 substantially as set forth above generally obviates the need for rotating

mirrors and consequent alignment and synchronization challenges.

[0081] In some operating environments, it may be possible that the image of the dot
(i.e., the light returned to sensor 1010 and incident on the image plane) may be
corrupted or otherwise overpowered by ambient light. Temporal filtering and wavelength
filtering represent two techniques that may be employed to minimize or to eliminate this

interference.

[0082] In some embodiments, a visible, red wavelength (e.g., approximately 650nm)
pulsed laser may be employed at source 1090. Lasers operating at or near this
wavelength tend to yield slightly higher output (that is still eye-safe) as compared to
lasers operating at IR wavelengths, for example. Additionally, a visible, red wavelength
laser may allow for superior imager response at sensor 1010, and may easier to debug
and calibrate than IR wavelength lasers. Where output of source 1090 is at 650nm, a
20nm bandpass filter implemented at sensor 1010 may reduce the ambient light flux by
a factor of about 50; other types of bandpass filters may be employed, and may be
application specific or otherwise selected as a function of the operating characteristics of

source 1090 and sensor 1010.

[0083] In embodiments employing temporal filtering, a global electronic shutter at sensor
1010 may be synchronized with source 1090 such that the sensor array (i.e., pixels
capturing image data) is exposed only when the laser is pulsing. In that regard, an LDS
system may employ a synchronization mechanism to synchronize intermittent operation
of source 1090 and sensor 1010. By using short pulses, the laser power may be
increased while maintaining the output at an eye-safe level. In general, applicable safety
standards may not allow as much overall energy in shorter pulses as compared to longer
pulses; these design considerations represent a tradeoff between ambient light rejection
(favoring short pulses) and sensor response (favoring long pulses and higher total
energy). FIG. 8 is a representative graph plotting maximum permissible exposure and

pulse power as functions of pulse width.

[0084] As indicated in FIG. 8, the maximum permissible exposure (MPE, or total energy)

for a pulse increases, whereas the maximum pulse power decreases, as pulse width
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increases. At a minimum exposure of 35us, the pulse power may be over 5 mW, which
may facilitate minimizing problems associated with ambient light interference. At longer
pulse durations, the pulse power drops, while the total energy available for reflection off
an object rises substantially, facilitating acquisition of reflections off of darker objects.
The vertical line shows these values at 60us, which may be a suitable pulse width for

many applications.

[0085] Processing the data acquired by the sensor to provide distance measurements
may involve several steps, including, but not necessarily limited to: pulsing the laser and
exposing the sensor; reading out the sensor rows; processing the rows to determine the
laser dot centroid; calculating the distance corresponding to the image centroid; and

formatting and communicating the distance measurement.

[0086] FIG. 9 is a simplified block diagram illustrating components of one embodiment
of an electronics package employed in a laser distance sensor. In some embodiments,
sensor 1010 may be embodied in or comprise a CMOS imager with integrated timing
and control; accordingly, sensor 1010 may require only a frame pulse to start exposure
and subsequent readout of 10 rows; the same frame pulse may initiate the output from
source 1090 facilitated, for instance, by laser driver circuitry or electronics (reference
numeral 901). Processor 299 (described above with reference to FIG. 4B) may be
embodied in or comprise any multi-purpose microprocessor or digital signal processor
(DSP); alternatively, processor may be a dedicated ASIC or other proprietary hardware

engine.

[0087] In addition to providing synchronization or other control signals to sensor 1010
and source 1090 (as well as to any attendant driver circuitry such as laser driver 901),
processor 299 may stream acquired data from sensor 1010 directly into internal memory
(e.g., such as a cache). The data may be processed in accordance with any of various
techniques generally known in the art of image processing; it will be appreciated that the
methodology employed to process the data may depend, for example, upon the nature
and operating characteristics of sensor 1010, overall data throughput requirements, or a
combination of these and other factors. Appropriate processing techniques may be
employed to ascertain the position of the dot centroid and to map the centroid position to

distance substantially as set forth above.
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[0088] In some embodiments, an off-chip memory (i.e., external to processor 299) may
be provided to store necessary or desired program code, calibration data, or other data
and instruction sets to facilitate overall operation of the LDS system. Memory 902
illustrated in FIG. 9 may generally be implemented as flash memory, random access
memory (RAM), dynamic RAM (DRAM), synchronous DRAM (SDRAM), or double data
rate (DDR) SDRAM, though various other types of data storage technologies may be
appropriate for some applications. Where processor 299 comprises sufficient internal

cache capacity, memory 902 may be unnecessary.

[0089] As noted above, it may be desirable to provide a synchronization mechanism
capable of synchronizing the operation of various components. In that regard, an optical
encoder 903 may provide processor 299 with data to facilitate synchronization of the
intermittent operation of both source 1090 and sensor 1010. As is generally known,
optical encoder 903 generally comprises a photoemitter and photodetector pair; a beam
of light transmitted between the emitter and detector may be selectively interrupted, for
example, as a shaft rotates. Digital pulses from optical encoder 903 may be employed
by processor 299 to control duty cycles for sensor 1010 and source 1090 as the mount

to which they are affixed rotates.

[0090] With reference now to FIGS. 4B, 7, and 9, it will be appreciated that various
embodiments of optical encoder 903 may be employed, though an incremental rotary
encoder may be desirable in many instances. In some embodiments of LDS system 290
employing a rotary encoder, the code (i.e., markings or other indicia designed to
interrupt the beam between the emitter and the detector) may be integrated with housing
292 while the emitter and detector are attached to or otherwise integrated with mount
291. As mount 291 rotates, the code disposed on the stationary housing 292 may be
read such that optical encoder 903 may provide digital signals to processor 299

representative of the angular orientation of mount 291 relative to housing 292.

[0091] For example, a fixed radial black-and-white (or other contrasting) pattern may be
read by two reflective sensors on rotating mount 291. One of the sensors may reads an
index mark or other indicia to provide information related to the nominal heading of the
LDS system as a whole, while the other sensor may read a pattern designed for timing

the operating cycles of source 1090 and sensor 1010. In the foregoing manner, the
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angular displacement of the data acquisition is relatively insensitive to variations in motor

speed, allowing for less expensive motors and relaxed motor and timing controls.

[0092] The components illustrated in FIG. 9 may be suitably sized to fit on a small PCB
associated with mount 291. Where appropriate operating characteristics are selected for
the several components, electronics package 297 may be capable of consuming less
than 1W of power in normal operation. Power for electronics package 297, source 1090,
and sensor 1010 may be supplied, for example, through a 2-wire slip ring on the rotation
center (i.e., at the axis of rotation). Communications to and from electronics package
297 may be via a short-range radio frequency (RF) modem (not shown), for example,
operating at 56 Kbaud or greater. Alternatively, as described above, electronics
package 297, and in particular, processor 299, may communicate with external devices

via data lines.

[0093] Exposure and readout may generally occur sequentially, while processing may
be performed in parallel with these operations. In some embodiments, the time required
to read a desired number of lines from sensor 1010 may represent the primary limitation
on speed, so it may be desirable to employ a sensor 1010 implementing fast technology.
With on-imager binning of lines, for example, it may be possible to perform an expose-
process-readout cycle in under 0.25 ms, for a read rate of 4000 distance measurements

per second.

[0094] FIG. 10 is a simplified diagram illustrating rotational geometry of a laser distance
sensor. To increase the field-of-view of a single-point distance sensor, the sensor
apparatus, or some component thereof, must be scanned. As noted above, the typical
hardware configuration for scanning triangulation sensors employs spinning mirrors both
to deflect (i.e., scan) the output beam as well as to deflect the return reflections properly
to the image sensor. Such an arrangement is inherently bulky and difficult to calibrate,
requiring precise positioning between mirrors, sensor, and source. It is also difficult to

achieve full scanning coverage — typically coverage is 180 degees or less.

[0095] By contrast, an LDS system as set forth above may be small and rigid enough to
allow mechanical scanning such as described with reference to FIGS. 4B and 7. In
some embodiments, the sensor and source are rotated in a plane, generating a full
planar scan at about 10Hz or greater. The mechanical arrangement described herein,

without costly mirrors and consequent alignment problems, enables an LDS system to
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function reliably while keeping manufacturing costs low. Other arrangements are also
possible, e.g., a full three-dimensional scan may be generated by measure not just a
single point, but a set of points, or a laser line. This may readily be effectuated by
employing a source having a line output (i.e., rather than a point beam output) and a

sensor having an appropriately sized pixel array.

[0096] Mount 291 may be attached to a bearing or other mechanical element allowing
rotation and spun about a rotational axis located, for example, midway between source
1090 and sensor 1010. As mount 291 rotates, it may be desirable to pulse the output of
source 1090 such that a data measurement is acquired at, for example, 1 degree (of
rotation) resolution. At a 10Hz revolution rate, the foregoing strategy produces
approximately 3600 measurements per second, below the maximum rate of 4000
readings per second of the sensor employed in the example above. As set forth above,
it may be desirable in some instances to employ inductive power and data couplings, for
example, or to employ a slip ring or other mechanical connection such that mount 291 is
rotatable through an arbitrary number of uni-directional rotations. With this structural
arrangement, it may not be necessary to reverse the direction of rotation for mount 291

during operation.

[0097] As indicated in FIG. 10, source 1090 is offset from the center of rotation; the x,y
position of a scanned object, relative to a fixed coordinate system with origin on the
center of rotation, ¢, is given by the following:

x'y'=rcos@,rsin @

a=x—-f+¢ (Eq. 5)
x,y=x+bcosa,y+bsinx

[0098] Several features and aspects of the present invention have been illustrated and
described in detail with reference to particular embodiments by way of example only,
and not by way of limitation. Those of skill in the art will appreciate that alternative
implementations and various modifications to the disclosed embodiments are within the
scope and contemplation of the present disclosure. Therefore, it is intended that the

invention be considered as limited only by the scope of the appended claims.
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What is claimed is:
1. A distance sensing system comprising:
a source providing collimated light output;
a sensor operative to detect the output incident on an object;

a rotating mount to which said source and said sensor are attached; said rotating

mount being rotatable through an arbitrary number of uni-directional rotations; and

an electronics package attached to said rotating mount and coupled to said
source and said sensor; said electronics package executing digital processing to

process data acquired by said sensor as said mount rotates.

2. The distance sensing system of claim 1 further comprising a synchronization

mechanism to synchronize intermittent operation of said source and said sensor.

3. The distance sensing system of claim 2 wherein said synchronization mechanism

is an optical encoder.

4. The distance sensing system of claim 1 wherein the digital processing comprises

executing triangulation calculations.

5. The distance sensing system of claim 1 wherein the digital processing comprises

executing sub-pixel interpolation.

6. The distance sensing system of claim 1 wherein the digital processing comprises

computing 4000 data points per second.
7. The distance sensing system of claim 1 wherein said source is a laser.

8. The distance sensing system of claim 7 wherein the output has a wavelength of

approximately 650nm.

9. The distance sensing system of claim 1 wherein said sensor is a complimentary

metal-oxide semiconductor sensor.
10. A robotic device comprising:
a drive mechanism;

an electronics module to provide instructions to said drive mechanism to position

the robotic device in an operating environment;
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an optical assembly to provide distance data to said electronics module, said
distance data related to a position of the robotic device relative to an object in the
operating environment and influencing the instructions provided to said drive

mechanism; said optical assembly comprising:
a source providing collimated light output;

a sensor operative to detect the output incident on an object in the

operating environment;

a rotating mount to which said source and said sensor are attached; said
rotating mount being rotatable through an arbitrary number of uni-directional

rotations; and

an electronics package attached to said rotating mount and coupled to
said source and said sensor; said electronics package executing digital
processing to process data acquired by said sensor as said mount rotates to

generate the distance data.

11. The robotic device of claim 10 wherein said optical assembly further comprises a
synchronization mechanism to synchronize intermittent operation of said source and

said sensor.

12. The robotic device of claim 11 wherein said synchronization mechanism is an

optical encoder.

13. The robotic device of claim 10 wherein the digital processing comprises

executing triangulation calculations.

14. The robotic device of claim 10 wherein the digital processing comprises

executing sub-pixel interpolation.

15. The robotic device of claim 10 wherein the digital processing comprises

computing 4000 data points per second.
16. The robotic device of claim 10 wherein said source is a laser.

17. The robotic device of claim 16 wherein the output has a wavelength of

approximately 650nm.
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18. The robotic device of claim 10 wherein said sensor is a complimentary metal-

oxide semiconductor sensor.

19. The robotic device of claim 10 wherein said optical assembly further comprises a
transmitter coupled to said electronics package; said transmitter to transmit the distance

data to said electronics module wirelessly.
20. A vehicle comprising:

a distance sensing system operative to generate distance data associated with a
distance to an object within a range of the vehicle; said distance sensing system

comprising:
a source providing collimated light output;
a sensor operative to detect the output incident on the object;

a rotating mount to which said source and said sensor are attached; said
rotating mount being rotatable through an arbitrary number of uni-directional

rotations; and

an electronics package attached to said rotating mount and coupled to
said source and said sensor; said electronics package executing digital
processing to process data acquired by said sensor as said mount rotates to

generate the distance data; and

an electronics module to receive the distance data from said distance

sensing system.

21. The vehicle of claim 20 wherein said distance sensing system further comprises
a synchronization mechanism to synchronize intermittent operation of said source and

said sensor.

22. The vehicle of claim 21 wherein said synchronization mechanism is an optical

encoder.

23. The vehicle of claim 20 wherein the digital processing comprises executing

triangulation calculations.

24. The vehicle of claim 20 further comprising a display to display distance related

information.
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25. The vehicle of claim 24 wherein said display displays a representation of an

object in a position relative to a representation of said vehicle.
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