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(57) Abstract: A system (110) for displaying machine surroundings to an operator (7) in a cab (13) of the machine (10) may include
at least one outward-facing camera (14) mounted on the machine (10). The at least one outward-facing camera (14) may be con -
figured to generate image data for an actual environment surrounding the machine (10). The system (110) may also include at least
one operator-facing camera (15) mounted within the cab (13) of the machine (10). The at least one operator-facing camera (15) may
be configured to determine gaze attributes of the operator (7). A sensor (12) may be mounted on the machine (10) and configured to
generate object data regarding detection and ranging of an object in the actual environment. At least one see-through display (22)
may form one or more windows of the cab (13) of the machine (10), and a processor (26) in communication with the at least one out-
ward-facing camera (14), the at least one operator-facing camera (15), and the sensor (12) may be configured to generate a unitied
image of the actual environment based on the image data, and project the unified image as a 3-D image on the at least one see-
through display (22).
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Description
SYSTEM FOR IMPROVING OPERATOR VISIBILITY OF MACHINE
SURROUNDINGS

Technical Field
This disclosure relates generally to tmage processing systems and
methods and, more particularky, to timage processing systems and methods for

mmproving operator visibility of machine surroundings.

Backoround

Vartous machines sach as excavators, scrapers, articalated trucks
and other types of heavy ¢quipment are used to perform a vanety of tasks., Some
of thesc tasks invelve moving large, awkward, and heavy loads mn close
proximity to other machines, terrain changes, objects, and personnel. And
because of the size of the machines and/or the poor visibility provided to
operators of the machines, these tasks can be difficult to complete safely and
effectively. For this reason, some machines are equipped with image processing
systems that provide views of the machines’ environments to their operators.

Such image processing systems assist the operators of the
machines by mcreasing visibility, and mav be beneficial in situations where the
operators' figlds of view are obstructed by portions of the machines or other
ohstacles. Conventional image processing svstems include cameras that capiure
different arcas of a machine’s environment. These arcas may then be stitched
together to form a parfial or complete view of the environment around the
machine. Some image processing systems use a fop-view transformation on the
captured images to display a representative view of the associated machine ata
center of the display (known as a “bird’s eye view”). While effective, these
tvpes of systems can also include image distortions that increase in severity the
further that objects in the captured image are away from the machine.

Oue attempt to reduce image distortions in the views provided to
a machine operator is disclosed in U.S. Patent Application Publication
2014/0204213 of Kriel at al., which published on July 24, 2014 {the "215
publication). In particolar, the "215 publication discloses an image processing

system having a plurality of cameras and a display that arc mounted on a
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machine. The cameras gencrate image data for an environment of the machime.
The image processing system also has a processor that generates a unified image
of the environment by combining image data from cach of the cameras and
mapping pixels associated with the data onto a hemispherical pixel map. In the
hemispherical pixel map, the machine is located at the pole. The processor then
sends selected portions of the hemisphernical map to be shown ingide the machine
on the display.

While the system of the "215 publication may reduce distortions
bv mapping the data pixels onto a hemispherical map, the system may still be
mmproved upon. In particular, the system may still show distortions of the
environment at locations of large objects m the cnvironment. The system also
requires the operator to wear cumbersome glasses when locking at a display for
the unified image information, and does not solve the problem of perceived
distortions 1 the image created by parallax and perspective shift. Additionally,
a system such as the system of the "215 publication could be further improved by
features that enhance the visibility of any persons positioned near the machine.

The disclosed system is directed to overcoming one or more of

the problems set forth above and/or other problems ot the prior art.

Summary

In one aspect, the present disclosure is directed to a system for
displaying machine surroundings to an operator 1 a ¢cab of the machine. The
system may include at least one outward-tacing camera mounted on the
machine. The at feast one outward-facing camera may be configured to generate
image data for an actual environment surrcunding the machine. The system may
also mclude at least one operator-facing camera mounted within the cab of the
machine. The at feast one operator-facing camera may be configured to
determine gaze attributes of the operator. A sensor may be mounted on the
machine and configured to generate object data regarding detection and ranging
of an object in the actual environment. At least one see-through display may
form one or more windows of the cab of the machine, and a processor in
commumnication with the at least one cutward-facing camera, the at least ong

operator-facing camera, and the sensor may be configured to generate a unified
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image of the actual environment based on the image data, and project the unified
1mage as a 3-D image on the at least one see-through display.

In another aspect, the present disclosure 1s directed to a2 method of
displaying machne surroundings to an operator in a cab of the machme. The
method may include generating image data for an actual environment
surrounding the machine using at least one outward-facing camera mounted on
the machine, determining gaze attributes of the operator using at least one
operator-facing camera mounted within the cab of the machine, and generating
object data indicative of detection and range of an object in the actual
cnvironment using a sensor mounted on the machine. The method may also
melude generating a unified image of the actual environment based on the image
data using a processor communicatively coupled to the at least one outward-
facing camera, the at keast one operator-facing camera, and the sensor. The
method may still further include projecting the unified image as a 3-D image on
at least one sce-through display forming one or more windows of the cab of the
machine.

In vet another aspect, the present disclosure is directed to a
computer readable medium having executable nstructions stored thereon for
completing a method of displaving machme surroundings to an operator in a cab
of the machime. The method may inclode gencrating image data for an actual
environment surrounding the machine using at least one outward-facing camera
mounted on the machine, deternuning gaze atiributes of the operator using at
least one operator-facing camera mounted within the cab of the machme, and
generating object data indicative of detection and range of an object in the actual
environment using a sensor mounted on the machine. The method may also
mehude generating a unified image of the actoal environment based on the image
data, the gaze attributes of the operator, and the object data. The method may
still further nclude projecting the unified tmage as a 3-IJ tmage on at least one

see-through display forming one or more windows of the cab of the machine.

Brief Descniption of the Drawings

Fig. 1 is a pictorial illustration of an exemplary disclosed

machine; and
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Fig. 2 is a diagrammatic illustration of an exemplary disclosed
vision enhancement system that may be used in conjunction with the machine of

Fig. 1.

g

Detailed Description

Fig. 1 illustrates an exemplary machine 10 having multiple
systems and components that cooperate to accomplish a task. The machine 10
may embody a mobile machine or vehicle that performs some type of operation
associated with an industry such as mining, construction, farming,
transportation, or any other industry known in the art. For example, the maching
10 may be an earth moving machine such as a haul track (shown m Fig. 1}, an
excavator, a dozer, a loader, a backhoe, a motor grader, or any other carth
moving machine. The machine 10 may include a vision enhancement system
{VES}) 110 (see Fig. 2}, which may include one or more detection and ranging
devices {“devices”) 12, any number of outward-facing cameras 14, one or more
operator-facing cameras 15, a detection and ranging interface 18, a camera
mierface 20, and a processor 26. In addition, the VES 110 may mclude any
number of image projeciors and see-through displays in a cab 13 of the machine
10. The VES 110 may be active during operation of the machine 10, for
example as the machine [0 moves about an area to complete its assigned tasks
such as digging, hauling, dumping, ripping, shoveling, or compacting different
materials. Reference to “cameras™ herein includes any of optical devices, lens,
charge coupled devices (CCD), complementary metal-oxide-semiconductor
{CMOS) detector arrays and dniving circuitry, and other arrangements of optical
components, electronic components, and control circuitry used in fransmitiing
and recetving light of various wavelengths.

The machine 10 may use the devices 12 to generate object data
associated with objects i thewr respective fields of view 16. The devices 12 may
cach be any type of sensor known in the art for detecting and rangimg (locating)
objects. For example, the devices 12 may include radio detecting and ranging
{RADAR) devices, sound navigation and ranging {(SONAR) devices, light
detection and ranging (LIDAR} devices, radio-frequency identification (RFID)
devices, cameras, and/or global position satellite (GPS) devices vsed to detect

objects i the actual environment of the machine 10. During operation of the
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machine 10, the detection and ranging interface 18 may process the object data
recetved from these devices 12 to size and range (i.¢., to locate) the objects.

The outward-facing camera(s} 14 may be attached to the frame of
the machine 10 at anv desired location, for example at a high vantage point near
an cuter edge of the machine 10. The machine 10 may vse the outward-facing
camera(s) 14 to generate image data associated with the actual environment in
their respective ficlds of view 16, The images may include, for example, video
or still images. During operation, the camera interface 20 may process the image
data in preparation for presentation on one or more displays 22 {e.g., a 2-D or 3-
D monitor) jocated inside the machine 10, Although Fig. 2 illustrates the display
22 as a stand-alone device, in various implementations of this disclosure the
display 22 may comprise one or more entire or partial mterior walls or glass
windows of a cab 13.

The glass windows forming one or more walls of the cab 13 may
comprise see~-through displays. The glass windows of the cab 13 may form see-
through displays at least partially surrcunding the operator 7, with the glass used
m the windows including, for example, various tmpurties or other
characteristics that enable the glass to reflect certain wavelengths of hight. One
or more image projectors mounted within the cab 13 and controlled by the VES
110 may be configured to project multiple images taken from multiple
perspectives onto the see-through displays in order to render a 3-IJ umage to the
operator. At the same time, the see-through display glass windows allow the
operator to directly observe the environment outside of the windows.

(ue or more operator-facing cameras 15 may be mounted in the
cab 13 in which an operator 7 1s sitting.  The operator-facing cameras |5 mav be
configured to determine the direction of the gaze or other garze attribuies of the
operator 7. Varicus technigues that may be emploved by the operator-facing
cameras 13 in conjunction with the camera interface 20 may include emiiting a
pupil-illuminating light beam directed at the pupil of an eve of the operator 7.
Another reference light beam may also be directed at the face and/or head of the
operator 7. An image detector of the operator-facing camera in conpunction with
the camera interface 20 may be configured to receive reflected portions of the

pupi-illuminating hght beam and the reference light beam, and determing a ling
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of sight of the operator through a comparison of the reflected portions of the
light beams.

Presentation of the images and/or data supplied by the outward-
facing cameras 14 and the devices 12 on the see-through display 22 may include
projecting the nmages and/or data on at least portions of the interior walls and/or
see-through glass windows of the cab 13, The projected images may provide the
operator 7 with a complete, three dimenstional (3-D), surround view of the
environment around the cab. The projected 3-D images may also give the
operator the perception of being able o see through portions of the maching that
would normally block the operator’s view. In some implementations the
operator 7 may also wear polarized, stereovision glasses, which may enable or
enhance the 3-D cffect such that the portions of the environment observed on the
see-through displays appear to be at their actual distance from the cab 13, The
cffect of projecting 3-D3 images on the proper portions of the see-through
displays m the cab 13 as determined by the gaze direction or other gaze
attributes of the operator 7 at any particular point in time enhances realism and
mmproves the presentation of actionable information to the operator. A percetved
3-D3 image projected on the see-through displays avoids the operator’s eves
having to refocus to see the image on the display while also looking through the
see-through display 1 the operator’s line of sight outside of the cab. The effect
is that when an operator Jooks out of a window of the cab in the direction of an
object or personnel blocked from view by a portion of the machine, the operator
will see an tmage of the object or personnel as though actually sceing through
the machine. In various implementations the operator may still percetve the
blocking portion of the machine, which may appear greved-out or at least semi-
transhicent or semi-transparent, while also seeing the 3-D image of the object or
personnel that is behind the blocking portion in the operator’s line of sight.

In various implementations, the VES 110 may include one or
more GPS devices, a wireless communication system, one or more heads-up
displays (HUD), a graphics projection system, and an occupant eve location
sensing system {including the operator-facing cameras 15). The VES 110 may
communicate directly with various systems and components on the machine 10
The VES 110 may alternatively or additionally commuonicate over a LAN/CAN

system. The VES 110 may communicate with the graphics projection system in
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order to project graphics upon the see-through display(s) formed by one or more
of the windows of the cab. Additionally or altematively, the VES 110 may
project graphics and images upon other surfaces within the cab of the machine,
such as structural support piliars, the floor of the cab, and/or the ceiling of the
cab. The VES 110 may receive user inputs provided to a portion of one or more
of the display devices, including signals indicative of the direction in which the
operator is looking at any particular time. The VES 110 may also be configured
to mnclode personnel classification software. The personnel classification
software may be configured to associate bounding boxes 11 or other
identification markers or highlights with any personnel 8 located in proxinity to
the machine 10 such that the operator 7 of the machine 10 will be provided with
enhanced visibility of anvone who comes close to the machine.

The devices 12 may be configured to employ clectromagnetic
radiation to detect other machines or objects located near the machine. Other
proximity sensing devices may also be included. A number of in-machine
sensors may be included to monitor machine speed, engine speed, wheel ship,
and other parameters characteristic of the operation of the machine. Machine
speed sensors, acceleration sensors, braking sensors, turning sensors, and other
sensors configured to generate signals indicative of movement of the machine
may also provide input to the VES 110, One or more GPS devices and a
wireless communication system may communicate with resources outside of the
machine, for example, a satellite system and a cellular communications tower.
The one or more GPS devices may be utilized in conjunction with a 3-D map
database including detailed imformation relating to a global coordinate received
by a GPS device regarding the current location of the machine 10, Information
from the machine sensor systems and the machine operation sensors can be
ptifized by the VES 110 to monitor the current orientation of the machine.

Une or more HUD within the cab 13 of the machine 10 may be
equipped with features capable of displaying images representative of the
environment surrounding the machine 10 while remaining transparent or
substantially transparent such that the operator 7 of the machine 10 can clearly
observe outside of the windows of the cab while at the same time having the
perception of being able to see through cohstracting portions of the machine. The

one or more HUD may be provided in conjunction with thin film coatings on the
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see-through glass displavs provided as one or more windows of the cab 13, In
certain alternative implementations, all or some of the ioterior surfaces within
the cab of the machine may also be used for projection of images, including
windows, support pillars, and even the ceiling and floor of the cab. Flexible
display surfaces such as Organic Light Emitting Piodes {OLED) or Organie
Light Emiiting Polymers (OLEP) may be provided over non-transparent surfaces
such as the support pillars or the floor of the cab. However, an advantage of
projecting a desired image onto a see-through display, such as created by special
glass used in the windows of the cab, is the image may provide a 3-D
representation of an object or person obscured from direct vision by a portion of
the machine. The projection of a 3-D image on the sce-through display may also
avoid having the operator’s eyes refocus between the image on the display and
the view outside the windows in the operator’s line of sight.

The VES 110 may be configured to provide a continuous,
surround view image on all or some of the interior surfaces of the cab in order to
create a perceived 3-D surround view that 1s updated 1n real time to the operator.
The VES 110 may include display software or programming contigured to
translate requests to display at least some of the information from the vanious
devices 12 and cameras 14 1n graphical representations of the information,
Operator eyve location sensing devices such as the operator-facing cameras 15
may approximate a location and/or direction of the head of an operator 7 in the
cab 13 of the machine 10 as well as the onientation or gaze atinbutes of the eves
of the operator 7. Based upon the output of the operator eve location sensing
system, the current location and onentation of the machine 10, and a user input
location, the VES 110 may accurately and dynamically register the graphical
representations on g HUD or on any one or more of the see-through displays
formed by one or more of the windows in the cab 13. The projected graphical
representations may further highlight projected 1mages of objects or persons that
would otherwise be blocked tfrom view by portions of the machime. These
projected images may be overlaid with visual images seen through the glass
windows of the cab.

Information can be presented to the operator of the machine
according to a number of exemplary embodiments. A number of video devices

can be utilized to present information to the user. However, presenting the



WO 2017/034744 PCT/US2016/044272

mformation within a context for the operator of a view of the operation
environment of the machine reduces visual complexity for control of the
machine. A graphic projection display can also be used to display graphics in
the context of a view on any side of the machine. A graphic projection display
and the associated graphics can be stilized according to a number of exemplary
embodiments. When an image and anv associated graphics are projected vpon
the see-through display slass used as one or more windows in the cab, certain
wavelengths of ight are reflected back to the operator. However, this reflected
light does not interfere with the operator seeing through the wmdows. For
example, the operator can still see the outline or greved-out portions of the
machine in the operator’s line of sight, while at the same time seeing an object or
person that 1s blocked from direct view by the portions of the machine. The
object or person blocked from direct view may be displayed as a 3-D image on
the see-through display. The operator may perceive the projected image of the
object or person as though actually seeing through the blocking portions of the
machine. This perception of seeing through the blocking portions of the
machine may be enhanced as a result of the projected image appeanng in 3-D.
The perception of a 3-B tmage may be obtained through the use of passive,
polarized, stereovision glasses wom by the operator, or through other
autostereoscopic technigues that do not require special headgear or glasses.
These autostercoscopic techniques may accommodate motion parallax and wider
viewmg angles through the use of gaze tracking and projection of multiple
views. In addition, graphics such as a bounding box cutlining and highlighting
the object or person may be superimposed upon the projected image in order io
further enhance visibility to the operator.

The machine 10 may include one or more vision tracking
components, such as the operator-facing cameras 15 mounted within the cab 13
of the machine 10. The vision tracking components may be configured to
mmplement techniques {o enhance an experience associated with a field of view
of a local environment. In general, the one or more vision tracking components
may monitor physical characteristics as well as other features associated with an
eve or eves of a machine operator. Based upon these monitored features, a set of
gaze attributes may be constructed. Gaze attributes may inclade an angle of

rotation or a direction of an eye with respeact to the head of the operator, an
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overall direction of the head of the operator, a diameter of the pupml of the eve, a
focus distance, a current volume or field of view, and so forth. In one or more
excmplary mmplementations the vision tracking component may tatlor gaze
attributes 1o a parficular operator’s eve or eves. For example, machine leaming
may be emploved to adjust or adapt to personal characteristics such as ins color
{c.g., relative to the pupil), a shape of the eve or associated features, known or
determined deficiencies, or the like.

In some alternative implementations, VES 110 may also be
configured to include recogmition components that can, among other things,
obiain gaze attributes, indication of location, indication of perspective {(or
direction), and emplov these obtained data to determine or identify a modeled
view of a geospatial model {not shown) of the physical world surrounding the
machine. The geospatial model may be a spatially accurate mode! of the
enviromment, and may be mcluded in a data store associated with the VES 110,
The modeled view mav correspond to a current field of view 16 of the operator
or of one or more of the sutward-facing cameras 14, Indication of a location of
the machine 10 may be based on a two-dimensional (2-13) or a three-dimensional
{3-D} coordinate system, such as latitude and longitude coordinates (2-D) as well
as a third awas of height or elevation. Likewise, indication of perspective may
relate to a 3-D orientation for the operator or the machine. Both indications of
location of the machine and perspective may be obtained tfrom sensors
operatively coupled to the detection and ranging mierface 18 and/or the camera
mterface 20. Recognition components may be included in the VES 110 to map
mdications of location in the physical world to a corresponding point or location
in the geospatial model. Tndication of perspective may also be transtated to
mdicate a base perspective or facing direction, which can identify which entities
or objects of the geospatial model have physical counterparts in the direction the
operator is facing at any particular point in time. When combined with data
regarding gaze atiributes of the operator, the recognition components may
determine a real, physical, current field of view 16 of the operator 7 in the cab 13
of the machine 10. The modeled view may be updated i real time as any orall
of the operator’s location, perspective, or gaze attributes changes.

While the machine 10 is shown having eight deviees 12 each

responsible for a different quadrant of the actual environment around machine
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10, and also four cameras 14, those skilled in the art will appreciate that the
machine 10 may include any nurnber of sensors, devices 12, and cameras 14, 15
arranged m any manner. For example, the machine 10 may include four devices
12 on each side of the machine 10 and/or additional cameras 14 located at
different elevations or locations on the machine 10.

Fig. 2 is a diagrammatic illustration of an exemplary VES 110
that may be installed on the machine 10 to capture and process image data and
object data in the actual environment surrounding the machine 10. The VES 110
may include one or more processing modules that, when combined, perform
object detection, image processing, and image rendering. For example, the VES
110 may include the devices 12, the outward-facing cameras 14, the operator-
facing cameras 15, the detection and ranging interface 18, the camera interface
20, one or more sce-through displays 22, multiple image projectors {not shown},
and a processor 26. While Fig. 2 shows the components of the VES 110 as
separate blocks, those skilled m the art will appreciate that the functionality
described below with respect to one component may be performed by ancther
component, or that the functionality of one component may be performed by two
OF Mmote components.

According to some embodiments, the modules of VES 110 may
mehude logic embodied as hardware, firmware, a collection of software written
i a programming language, or any combination thereof. The modules of VES
110 may be stored in any type of computer-readable medium, such as a memory
device {e.g., random access, flash memory, and the like), an optical medium
{e.g.aCh DVD, BluRay®, and the like), irmware {¢.g., an EPROM}, or any
other storage medium. The modules may be configured for execution by the
processor 26 to cause the VES 110 to perform particular operations. The
modules of the VES 110 may also be embodied as hardware modules and may
nclude connected logic units, such as gates and flip-flops, and/or may inchide
programmable units, such as programmable gate arrays or processors, for
example.

In some aspects, before the VES 110 can process object data from
the devices 12 and/or image data from the cameras 14, 13, the object and/or
image data must first be converted to a format that is consumable by the modules

of the VES 110. For this reason, the devices 12 may be connected to the
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detection and ranging interface 18, and the cameras 14, 15 may be connected to
the camera interface 20. The detection and ranging nterface 18 and the camera
mterface 20 may cach receive analog signals from their respective devices, and
convert them to digital signals that may be processed by the other modules of the
VES 110.

The detection and ranging interface 18 and/or the camera
mterface 20 may package the digital data in a data package or data structure,
along with metadata related to the converted digital data. For example, the
detection and ranging interface 18 may create a dafa structure or data package
that has metadata and a payload. The pavioad may represent the object data
from the devices 12, Non-exhaustive examples of the metadata may include the
orientation of the device 12, the position of the device 12, and/or a time stamp
for when the object data was recorded. Similarly, the camera interface 20 may
create a data structure or data package that has metadata and a payload
representing image data from the camera 14. This metadata may include
parameters associated with the camera 14 that captured the image data. Non-
exhaustive examples of the parameters associated with the camera 14 may
melude the onentation of the camera 14, the position of the camera 14 with
respect to the machine 10, the down-vector of the camera 14, the range of the
camera’s field of view 16, a priority for image processing associated with ¢ach
camera 14, and a tune stamp for when the image data was recorded. Parameters
associated with cach camera 14 may be stored mn a configuration file, database,
data store, or some other computer readable medium accessible by the camera
mterface 20, The parameters may be set by an operator prior to operation of the
machine 10,

In some embodiments, the devices 12 and/or the cameras 14 may
be digital devices that prodace digital data, and the detection and ranging
interface 18 and the camera interface 20 may package the digital data into a data
structure for consumption by the other modules of the VES 110, The detection
and ranging mterface 18 and the camera interface 20 may include an application
program interface (API) that defines functionalities independent of their
respective implementations, allowing the other modules of VES 110 to access

the data.
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Based on the object data from the detection and ranging interface
18, the processor 26 may be configured fo detect objects in the actual
environment surrounding the machine 10, The processor 26 may access object
data by periodically polling the detection and ranging interface 18 for the data.
The processor 26 may also or alternatively access the object data through an
event triggered by the detection and ranging interface 18, For example, when a
device 12 detects an object larger than a threshold size, it may generate a signal
that 1s received by the detection and ranging mterface 18, and the detection and
ranging interface 18 may publish an event indicating detection of a large object.
The processor 26, having registered tor the event, may responsively receive the
object data and analvze the payload of the object data. In addition to the
orientation and position of the device 12 that detected the object, the payvicad of
the object data may also indicate a location within the ficld of view 16 wherg the
object was detected. For example, the object data may indicate the distance and
angular position of the detected object relative to a known location of machine
10,

The processor 26 may combine image data recetved from the
multiple cameras 14 via the camera interface 20 into a unified image 27, The
anified image 27 may represent all image data available for the actual
environmment of the machine 10, and the processor 26 may stitch the images from
cach camera 14 together to create a 360-degree, 3-D view of the actual
environment surrounding the machine 10. The machine 10 may be at a center of
the 360-degree view in the umfied mmage 27.

The processor 26 may be configured to use parameters associated
with individual cameras 14 to create the unified image 27. The parameters may
mehude, for example, the position of each camera 14 onboard the machine 10, as
well as a size, shape, location, and/or origntation of the corresponding field of
view 16. The processor 26 may then correlate sections of the unified image 27
with the camera locations around the machme 10, and/or the gaze divection or
other gaze attributes of the operator 7, and use the remaining parameters to
determine where to place the image data from each camera 14, For example, the
processor 26 may correlate a forward section of the actual environment with the
front of the machine 10 when the operator 15 looking n a forward direction, and

also with a particelar camera 14 pointing in that direction. Then, when the
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processor 26 subsequently receives image data from that camera 14, the
processor 26 may determing that the image data should be mapped to the
particular scction of the unified 1mage 27 corresponding to the front of machine
10. Thus, as the processor 26 accesses image data from each of the cameras 14,
the processor 26 can correctly stitch it in the nght section of the unified image
27.

In some applications, the images captured by the difterent
cameras 14 may overlap somewhat, and the processor 26 may need to discard
some image data in the overlap region in order to enhance clarity. Any strategy
known m the art may be used for this purpose. For example, the cameras 14
may be prioritized based on type, location, age, functionality, guality, definition,
ctc., and the mmage data from the camera 14 having the lower priority may be
discarded from the overlap region. In another example, the image data produced
bv cach camera 14 may be continuously rated for guality, and the lower quality
data may be discarded. Other strategics may also be emploved for selectively
discarding image data. It may also be possible to retain and use the overlapping
composite image, 1f desired.

In various mmplementations, the processor 26 may be configure
to generate a virtual three-dimensional surface or other geometry 28, and
mathematically project the digital image data associated with the unified image
27 onto the geometry 28 to create a unified 3-D surround image of the machine
environment. The digital image data associated with the unified image 27 may
be derived from actual, real-time measurements and video images of the
environment sarrounding the machine 10 at any point in time. The geometry 28
may be generally henuspherical, with the machine 10 being located at an internal
pole or center. The geometry 28 may be created to have any desired parameters,
for example a desired diameter, a desired wall height, etc. The processor 26 may
mathematically project the unified image 27 onto the geometry 28 by
transferring pixels of the 2-D digital image data to 3-D locations on the geometry
28 using a predefined pixel map or look-up table stored in a computer readable
data store or configuration file that is accessible by the processor 26. The digital
image data may be mapped directly using a onc-to-one or a one-fo-many
correspondence. Although a lock-up table 18 one method by which processor 26

may create a 3-D surround view of the acteal environment of machine 10, those
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skilled in the relevant art will appreciate that other methods for mapping image
data may be used to achieve a similar effect.

In some instances, for example when large objects exist in the
near vicinity of the machine 10, the image projected onto the geometry 28 could
have distortions at the location of the objects. The processor 26 mayv be
configured to enhance the clarity of the unified image 27 at these locations by
selectively altering the geometry 28 used for projection of the unified image 27
(i.e., by altering the look-up table used for the mapping of the 2-D unified image

7 into 3-D space}. In particular, the processor 26 may be configured io
generate virtual objects 30 within the geometry 28 based on the object data
captured in real time by the devices 12, The processor 26 may generate the
virtual objects 30 of about the same size as actual objects detected in the actual
enviromment of machine 10, and mathematically place the objects 30 at the same
general locations within the hemispherical virtual geometry 28 relative to the
tocation of the machine 10 at the pole. The processor 26 may then project the
unified image 27 onto the object-containing virtual geometry 28, In other words,
the processor 26 may adjust the lockup table used to map the 2-D tmage into 3-D
space to account for the objects. As described above, this may be done for all
objects larger than a threshold size, so as to reduce computational complexity of
the VES 110.

The processor 26 may be configured to render a portion of the
unified image 27 on the see-through display 22, consisting of one or more glass
windows of the cab 13, afier projection of the image 27 onto the virtual
geometry 28. The portion rendered by the processor 26 may be antomatically
selected or manually selected, as desired. For example, the portion may be
automatically selected based on a travel direction of machine 10, In particular,
when the machine 10 is traveling forward, a front section of the as-projected
unified image 27 may be shown on the display 22. And when machme 10 is
travehing backward, a rear section may be shown. Additionally or altematively,
the portion of the unified image 27 rendered on the see-throagh display 22 may
correlate directly with the direction of the gaze of the operator 7 of the machine

10 or other gaze attributes of the operator at any particular point in time.
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The disclosed vision enhancement system (VES 110} may be
applicable to any machine that includes cameras and detection and ranging
devices, and windows that form see-through displays. The disclosed system
may enhance a surround view provided to the operator of the machine from the
cameras by displaving a 3-D2 image of obiects or personnel hidden from direct
view by portions of the machine and superimposing that 3-D image on the
portion of a window through which the operator is looking. Presentation of the
surround view image on the sec-through displays as a 3-D image may provide a
realistic perception of where any hidden objects or personnel are located without
the operator’s eves having to refocus between the display and the view outside of
the window. The disclosed vision enhancement system may also generate a
hemispherical virtual gecometry, including virtual objects at detected locations of
actual objects in the actual environment. The disclosed svstem may then
mathematically project a unified image {or collection of individual images) onto
the virtual geometry including virtual objects and bounded representations of
personnel, 1f present, and render the resulting projection on the see-through
displays that form windows of the cab of the machine.

Because the disclosed vision enhancement system may project
actual 3-D images of real objects or virtual objects representative of real objects
as located on a hemispherical virtual geometry, a greater depth perception mayv
be realized in the resulting projection. This greater depth perception may reduce
the amount of distortion and parallax demonstrated in the swrround view than
would otherwise result. The effect is to provide the operator of the machine with
mmmediate and actionable information on all objects and personnel located
around the machine at all times, whether blocked from view by portions of the
machine or not. In various implementations of this disclosure, data regarding
various obstacles, other machines or vehicles, and personnel located in the
environment surrounding the maching may be gathered by various sensors and
cameras on the machine, and/or supplied to the vision enhancement system from
other sources offhoard the machine.

Data regarding gaze attributes of the operator in a cab of the
machine may also be supplied to the vision enhancement system by operator-

facing cameras mounted in the cab. Une or more windows of the cab may be
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replaced with see-through displays, which may be manufactured with various
impurities in the glass such that only certain wavelengths of light are reflected by
the glags. The see-through glass displays allow the operator to see clearly
outside of the cab, while at the same time providing a display surface on which
3-D images may be projected by one or more projection devices within the cab.
The 3-D images projected on the see-through displays may be perceived without
the operator’s eves having to refocus on the displays 1o see the projected images
while locking through the sec-through displays at the environment outside of the
cab. The 3-D effect may be achieved in part by the operator wearing passive,
stereovision glasses, or in some cases through other autostercoscopic technigues
that accommodate motion parailax and perspective without the operator having
to wear glasses. The combined resuit of the see-through display glass windows,
the operator gaze tracking mput, the surround view projection, the graphics
projection for additional highlighting of objects and personnel, and the perceived
3-D image of hidden objecis supenimposed on the operator’s view through the
windows is improved safety and enhanced visibility of all of the machme’s
surroundings.

It will be apparent to those skilled m the art that various
modifications and variations can be made to the disclosed vision enhancement
system. Other embodiments will be apparent to those skilled in the art from
consideration of the specification and practice of the disclosed vision
enhancement system. It is intended that the specification and examples be
considered as exemplary only, with a true scope being indicated by the following

claims and their equivalents.
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Claims

I A system (110} for displaving machine surroundings to an
operator {73 in a cab (13} of the maching (10}, the system (110) comprising:

at least one outward-facing camera (14) mounted on the machine
{10), the at least one outward-facing camera (14) configured to generate image
data for an actual environment surrounding the machine (10);

at least one operator-facing camera {15) mounted within the cab
{13} of the machine (10}, the at least one operator-facing camera (15) configured
to determine gaze attributes of the operator (7);

a sensor {12) mounted on the machine (10) and configured to
generate object data regarding detection and ranging of an object in the actual
environment;

at least one sce-through display (22} forming one or more
windows of the cab {(13) of the machine (10}; and

a processor (26} in communication with the at keast one cutward-
facing camera (14), the at least one operator-facing camera (15}, and the sensor
{12), the processor (26) being configured to:

generate a unified image of the actual environment based
on the image data; and
project the unificd image as a 3-D image on the at least

one see-through display.

2. The systern of claim 1, further inchuding multiple image
projectors mounted within the cab (13} of the machine (10) and configured to
project multiple images that form the wnified image onto the at least one see-

through display (22).

3. The system of claim 1, wherein the processor {26} is
further configured to:

generate a virtual geometry;

generate a virtual object within the virtual geometry based on the
object data;

map a projection of the unified image onto the virtual geometry

and the virtual object; and
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render a selected portion of the projection on the at least one see-

through display.

4, The system of claim 3, wherein the virtual geometry is
hemispherical.

5. The system of claim 3, wherein the sclected portion of the

projection that s rendered on the see-through display (22) 1s automatically
selected based on at least one of a travel direction of the machine and the gaze

attributes of the operator (7).

6. The system of claim 1, wherein the processor {26} is
further configured to project multiple views to form the unified 3-D image on
portions of the at least one sce-through display as determined by the gaze

attributes of the operator (7).

7. The system of claim 1, further including passive,
stereovision glasses configured to be wom by the operator 1n order to perceive

the 3-D image on the at least one see-through display.

8. The syster of claim 1, further ncluding a graphics
projection system configured to display graphics in the context of a view on any

side of the machine.

9. The system of claim &, wherein the graphics projection
system is configured fo display a bounding box (11) cutlining and highlighting
an image of an object or person (8) being projected onto the at least one see-

through display (22}

10, A method of displaying machine surroundings to an
operator {7} in a cab (13} of the machine (10}, the method comprising:

gencrating image data for an actual environment surrounding the
machine using at least one outward-facing camera (14) mounted on the machine

{10}
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determining gaze attributes of the operator (7) using at least one
operator-facing camera {15 mounted within the cab (13} of the machine (10);

sencrating object data indicative of detection and range of an
object in the actual environment using a sensor (12) mounted on the machine
{10y,

generating a unified image of the actual environment based on the
image data using a processor {26} commumnicatively coupled to the at least one
cutward-facing camera (14), the at least one operator-facing camera (15}, and the
sensor (12); and

projecting the unified image as a 3-D image on at least onge see-
through display (22} forming one or more windows of the cab {13) of the

machine (10},
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