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USING REAL TIME RAY TRACING FOR LENS REMAPPING

BACKGROUND

[0001] The automotive surround view (SV) camera system is an emerging technology in the
advanced driver assistance systems (ADAS) market space. While originally used to assist the
driver of a vehicle in parking the vehicle safely by presenting the driver with a top-down view of
the 360 degree surroundings of the vehicle, automotive SV camera systems are increasingly
being deployed as part of autonomous driving and autonomous parking. An automotive SV
camera system may include four or more wide-angle (fish-eye lens) cameras mounted around the
vehicle, each facing a different direction. From these camera inputs, a composite view of the
surroundings of the vehicle is synthesized.

[0002] Some three-dimensional (3D) SV camera systems use raster processing supported by a
graphics processing unit (GPU) to render views of the 3D scene around a vehicle. As the
complexity of surround view implementations increases due to demand for features such as
adaptive depth, split screen views and realistic reflections, exponential scaling of GPU resources
is desirable to achieve the desired performance.

SUMMARY

[0003] Some embodiments relate to methods and systems for lens remapping using real-time
ray tracing. In one aspect, a method for generating a surround view (SV) image for display in a
view port of an SV processing system is provided that includes capturing, by at least one
processor, corresponding images of video streams from each camera of a plurality of cameras
and generating, by the at least on processor, the SV image using ray tracing for lens remapping
to identify coordinates of pixels in the images corresponding to pixels in the SV image.

[0004] In one aspect, a surround view (SV) processing system is provided that includes a
plurality of cameras, a display device, at least one processor coupled to the plurality of cameras
and to the display device, and a non-transitory computer readable storage medium storing a
program for execution by the at least one processor, the program including instructions to
capture corresponding images of video streams from each camera of the plurality of cameras,

and to generate the SV image using ray tracing for lens remapping to identify coordinates of
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pixels in the images corresponding to pixels in the SV image.

[0005] In one aspect, a method for lens remapping to determine a value of a pixel in a view
port is provided that includes casting, by at least one processor, a first ray from a viewpoint
through a location of the pixel in the view port into a model of a scene, casting, by the at least on
processor, a second ray from an intersection point of the first ray in the model to a center of a
lens model having the intersection point in a field of view of a lens corresponding to the lens
model, and determining, by the at least one processor, the value of the pixel based on an
intersection point on the lens model of the second ray.

[0006] In one aspect, a vehicle is provided that includes a surround view (SV) processing
system. The SV processing system includes a plurality of cameras mounted on the vehicle,
where adjacent cameras have overlapping fields of view, a display device, a ray-tracing enabled
graphics processing unit (GPU), at least one processor coupled to the plurality of cameras, the
display device, and the GPU, and a non-transitory computer readable medium storing a program
for execution by the at least one processor and the GPU, the program including instructions to
capture corresponding images of video streams from each camera of the plurality of cameras,
and to generate an SV image using ray tracing for lens remapping to identify coordinates of
pixels in the images corresponding to pixels in the SV image, where the GPU performs the ray
tracing using hemispheric lens models corresponding to respective cameras of the plurality of
cameras, and a processor coupled to the memory to execute the software instructions.

[0007] In one aspect, a method for generating a surround view (SV) image for display in a
view port of an SV processing system included in a vehicle is provided that includes capturing
corresponding images of video streams from each camera of a plurality of cameras mounted on
the vehicle, where adjacent cameras have overlapping fields of view, and generating the SV
image using ray tracing for lens remapping to identify coordinates of pixels in the images
corresponding to pixels in the SV image, where a ray-tracing enabled graphics processing unit
(GPU) contained in the SV processing system performs the ray tracing using hemispheric lens
models corresponding to respective cameras of the plurality of cameras.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is an example illustrating a model for raster processing of three-dimensional
(3D) surround view (SV) images;

[0009] FIG. 2 is a top-down view of an example vehicle 200 that includes a 3D automotive SV
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camera system;

[0010] FIG. 3 is a block diagram of an embodiment of the automotive SV camera system
included in the vehicle of FIG. 2;

[0011] FIG. 4 depicts an example arrangement of four calibration charts around the vehicle of
FIG. 2;

[0012] FIG. 5 is a block diagram of a calibration process implemented by the automotive SV
camera system of FIG. 3;

[0013] FIG. 6 is an example illustrating mapping of hemispheric lens model vertices to lens
coordinates;

[0014] FIG. 7 is a flow diagram of a method for determining a lens coordinate for a vertex on a
hemispheric lens model,

[0015] FIG. 8 is a flow diagram of a method for generating an SV image using ray tracing;
[0016] FIG. 9 is a flow diagram of a method for determining the value of a pixel in an SV
image using ray tracing; and

[0017] FIG. 10 is an example illustrating determining the value of pixels using ray tracing.
DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0018] Specific embodiments are described in detail with reference to the accompanying
figures. Like elements in the various figures are denoted by like reference numerals for
consistency.

[0019] In a three-dimensional (3D) automotive surround view (SV) camera system, the 3D
surround view image of the surroundings of a vehicle is achieved by capturing video streams
from multiple cameras mounted on the periphery of the vehicle and “stitching” the video streams
together. Cameras with a wide field of view, e.g., equipped with a fish-eye lens, are used to
achieve overlap in the video captured by adjacent cameras. The overlap provides high quality
stitched output.

[0020] Raster processing supported by a graphics processing unit (GPU) can be used to render
views of the 3D scene around a vehicle. In raster processing based solutions, a scene is defined
in 3D world coordinate space and objects in the scene are defined using 3D vertices. To generate
a 3D SV image from the desired viewpoint or eye position, a model, a view, and projection
matrices are used to transform each 3D vertex of objects in the scene from world space to eye

space and to project the transformed vertices to screen space. Once in screen space, rasterization
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is performed to fill in lines/solids between the vertices and to shade each pixel to determine each
pixel value.

[0021] Many implementations render the camera images to a 3D mesh representing the world
around the vehicle. As illustrated in FIG. 1, for raster processing of 3D SV images, a bowl-
shaped 3D mesh 100 representing the world around the vehicle is generated. The regions of the
world near the vehicle lie on the flat surface of the bowl, representing the ground, and the
regions farther from the vehicle, representing objects, lie on the elevated surface of the bowl. A
3D model of the vehicle 102 is created and overlaid onto the bowl mesh 104.

[0022] To render a 3D SV image from four cameras using a GPU, pixel coordinates
corresponding to each 3D vertex on the bowl mesh are calculated from at least two cameras.
Calculating the pixel coordinates for a camera includes projecting each 3D vertex onto the
camera plane to determine the two-dimensional (2D) image plane coordinates and performing
lens remapping to determine camera sensor pixel coordinates from the image plane coordinates.
The lens remapping uses a lookup table provided by the lens manufacturer to remap image pixel
locations from an undistorted image plane to the actual image plane. For fully adaptive surround
view, these computations are performed for every vertex of the bowl mesh for every input image.
Such processing is a limiting factor for raster-based GPUs as the processing can consume several
GPU cycles per vertex and the number of vertices in a bowl mesh can be on the order of 500,000
or more. In addition, 500,000 or more vertices of the vehicle model may need to be transformed
for every image.

[0023] Some embodiments provide for using real time ray tracing for lens remapping in
applications that generate 3D images using wide angle cameras such as, for example, a 3D
automotive SV camera system. The use of ray tracing moves two of the most computationally
expensive operations in raster-based processing — the projection of a world point onto the camera
plane and the lens remapping — out of the per image rendering loop. These operations can
instead be performed once offline as part of a calibration process and the results are constant
unless the cameras are changed or moved. Further, the use of ray tracing for lens remapping in
3D SV systems can reduce the complexity and increase performance as compared to raster
processing for use cases such as complex car models, multiple viewpoints, changing depths in a
scene, and displaying reflections and shadows.

[0024] FIG. 2 is a top-down view of an example vehicle 200 that includes a 3D automotive SV
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camera system. The vehicle 200 includes four cameras 202, 204, 206, 208 with wide angle
lenses mounted at different points on the vehicle 200 and an SV processing system (not
specifically shown) coupled to the four cameras. Each camera is placed to have at least a 180
degree field of view (FOV). The SV processing system includes hardware and software to
receive video streams captured by the cameras 202, 204, 206, 208 and to process the video
streams to generate 3D SV images. The processing includes using ray tracing for lens remapping
to determine the values of the pixels to be displayed in the 3D SV images. The vehicle 200 also
includes a 3D display device 218 in the interior of the vehicle 200 that is coupled to the SV
processing system to display 3D SV images produced by the SV processing system.

[0025] The camera 202 is mounted on the front of the vehicle 200, e.g., on the grille, the
cameras 204 and 206 are mounted on opposite sides of the vehicle 200, e.g., on the side-view
mirrors, and the camera 208 is mounted on the rear of the vehicle 200, e.g., on the trunk door.
The cameras 202, 204, 206, 208 are positioned such that each has a respective field of view
(FOV) angle 210, 212, 214, 216 and the FOVs of adjacent camera pairs overlap to some degree,
e.g., approximately 90 degrees.

[0026] FIG. 3 is a block diagram of an embodiment of the automotive SV camera system 300
included in the vehicle 200 of FIG. 2. The automotive SV camera system 300 includes the
cameras 202-208, the display device 218, and the SV processing system 302 coupled to the
cameras and the display device. The SV processing system 302 includes a system-on-a-chip
(SOC) 304 coupled to the cameras 202-208 and the display device 218 and to a memory 306.
The memory 300, e.g., a non-transitory computer readable storage medium, may be any suitable
combination of memory technologies such as, for example, random access memory, read-only
memory, and/or flash memory. The memory 306 stores executable software instructions of the
SV processing system 302 to be executed on one or more processors of the SOC 304. The
executable software instructions include instructions implementing an embodiment of the
method for generation of an SV image using ray. In some embodiments, the software
instructions include instructions implementing an embodiment of the calibration process
described herein.

[0027] The SOC 304 may be any SOC suitable for real-time 3D SV image generation. The
SOC 304 includes a ray tracing accelerator (RTA) 310 capable of real-time ray tracing. The

RTA 310 can be, for example, a ray-tracing enabled GPU or a programmable processor, e.g., a
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digital signal processor, capable of executing ray tracing software with the required performance.
[0028] Before deployment or when maintenance is needed, the automotive SV camera system
300 is calibrated using geometric calibration charts to provide for proper integration of the
images captured by the multiple cameras 202-208. One input to the calibration process is a
world model suitable for ray tracing to generate the SV images. The world is empirically
modelled as a 3D mesh and can be any suitable shape with any suitable spacing of the mesh
vertices. In some embodiments, the world around the vehicle 200 is represented by a 3D bowl
mesh (see, e.g., FIG. 1) in which regions near the vehicle 200 lie on the flat region of the bowl
and regions farther away from the vehicle 200 lie on an elevated surface of the bowl. The
vertices of the mesh are defined assuming the center of the mesh is at 0, 0, O with the distance
between neighboring points being one unit in the x and y direction. The size of the unit is
empirically selected. The value of z remains zero for some empirically determined distance and
a linear function is used to give the bowl some height near the edges. The linear function is
determined empirically. The world model is stored as a table of vertices.

[0029] As part of the calibration process, a model of the vehicle 200 and lens models for the
cameras 202-208 are incorporated in the world model. In some embodiments, the lens models
are hemispheric lens models that are generated using the intrinsic parameters of the respective
cameras 204-210 and each model is represented as a set of vertices that define the hemisphere.
Each vertex of the hemisphere is represented by an x,y,x value in lens model space and camera
image coordinates u,v corresponding to the particular vertex. Generation of the lens models is
described in more detail below. The vehicle model is a 3D model represented as a table of
vertices along with attributes such the normal or orientation of the vehicle model, a texture map
for adding color, texture, or other surface detail to the vehicle model, etc. With appropriate
camera configuration, every location on the bowl mesh can be mapped to one camera or two
adjacent cameras on the vehicle 200. The center of the vehicle is placed at location 0, 0, O of the
world model and the lens models are placed at the corresponding x, y, z location in world space
based on the respective extrinsic parameters as described below.

[0030] Without proper calibration and model generation, the SV images produced by the
system 300 may be inaccurate. FIG. 4 depicts an example arrangement of four calibration charts
402, 404, 406, 408 around the vehicle 200 of FIG. 2 to be used by the calibration process. The

four calibration charts are positioned such that images of each chart can be simultaneously
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captured by two adjacent cameras. For example, images of the calibration chart 402 can be
simultaneously captured by the camera 202 and the camera 204, and images of the calibration
chart 404 can be simultaneously captured by the camera 202 and the camera 206. Further,
images of the calibration chart 408 can be simultaneously captured by the camera 206 and the
camera 208, and images of the calibration chart 406 can be simultaneously captured by the
camera 208 and the camera 204.

[0031] FIG. 5 is a block diagram of a calibration process implemented by the SV camera
system 300 of FIG. 3. The components of the calibration process include the camera parameters
determination component 500, the lens model placement component 502, and the output
generation component 504. Where the particular components 500, 502, 504 are executed is
implementation dependent. In some embodiments, the camera parameters determination
component 500 is executed on a digital signal processor and the lens model placement
component 502 and the output generation component 506 are executed on a general purpose
processor.

[0032] The memory 306 stores the predetermined platform dependent parameters used during
the calibration process which include the sizes of the calibration charts 402, 404, 406, 408, the
locations of the charts relative to each other, etc. In various embodiments, some combination of
other platform dependent parameters may also be stored in the memory 306, e.g., the number of
cameras, lens specific intrinsic parameters, the vehicle model, the world model, the lens models,
etc. During the calibration process, a calibration screen is displayed on display device 216 that
includes the video streams from the four cameras 202-208.

[0033] The camera parameters determination component 500 determines the extrinsic
parameters of each of the four cameras 202-208 based on the calibration charts in the displayed
video streams. More specifically, the camera parameters determination component 500
determines a rotation matrix and a translation matrix for each camera. Any suitable technique
can be used to generate these matrices. Examples of some suitable techniques are described in
United States Patent Application Publication No. 2018/0184078, filed Dec. 28, 2016, which is
incorporated by reference herein in its entirety.

[0034] The lens model placement component 502 places the lens models around the 3D model
of the vehicle 200 overlaid on the world model using the extrinsic parameters, e.g., location and

orientation with respect to the center of the world model or the vehicle 200, of the respective
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cameras 204-210. To convert each lens model to the world space, each vertex in the model is
multiplied by the model matrix for the respective lens.

[0035] The output generation component 504 performs any final processing needed to convert
the various models into formats needed for generation of SV images during operation of the SV
camera system 300 and stores the results in the memory 306.

[0036] As previously mentioned, in some embodiments, the lens models for the cameras 202-
208 are hemispheric lens models. Each hemispheric lens model is generated using the intrinsic
parameters of the respective camera 202-208. Camera intrinsic parameters are fixed per camera
and are provided by the camera manufacturer. The intrinsic parameters include the lens focal
length and the lens distortion model. In general, to generate a hemispheric lens model for a lens,
the vertex of each point on a hemisphere is projected onto the image plane of the corresponding
camera and a lens distortion lookup table provided by the camera/lens manufacturer is used to
assign the projected vertex to lens coordinates corresponding to the camera image. The
resulting lens model is a set of vertices that defines the hemisphere in which each vertex of the
hemisphere is represented by an x,y,x value in lens model space and camera image coordinates
u,v corresponding to the particular vertex.

[0037] The calculations to determine the lens coordinates for the vertices are performed in
local lens model space with the origin at the center of the image plane. A unit hemisphere (r = 1)
can be used. The number of points on the hemisphere depends on factors such as pixel
resolution of the lens, pixel resolution of the target display device, e.g., display device 218, and
interpolation accuracy. Further, the number of points on the hemisphere should be sufficiently
dense to not affect the quality of the output used to generate the SV images.

[0038] FIG. 6 is an example illustrating mapping of hemispheric lens model vertices to lens
coordinates. As described in more detail in FIG. 7, each point or vertex, e.g., P; and P,, on the
hemispheric lens model surface 600 is mapped to lens (image) coordinates by mathematically
projecting each vertex toward the lens surface 604, also referred to as the sensor plane, and
determining the image coordinates x, y of the intersection point with the lens surface. This
mapping corresponds to the intersection of a ray with the lens model surface 604 when the ray is
cast through the vertex toward the center 602 of the lens. For example, the ray R1 is cast toward
the center 602 of the lens surface 604 and intersects the model surface 600 at vertex P1 and the

ray R2 is cast toward the center 602 of the lens surface 604 and intersects the model surface 600
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at vertex P2. The ray arrows denote the direction of casting and not the actual intersection
points. The lens (image) coordinates mapped to the respective vertices P1, P2 identify the
locations of respective image pixels where the rays intersect with the lens surface 604.

[0039] FIG. 7 is a flow diagram of a method for determining a lens coordinate for a vertex on a
hemispheric model. The method can be used to determine the lens coordinates for each vertex of
the hemispheric lens models for the cameras 202-208. The method can be performed on any
suitably configured computer. The input to the method is a vector [x, y, z, w], referred to as vin
herein, where x, y, z are the coordinates of a vertex on surface of the hemisphere and w = 1.0.
The x, y, z coordinates are with respect to the center of the hemisphere positioned at the camera
lens center with the “up” direction being from the origin toward the top of the sensor on the
sensor plane.

[0040] Initially, a projective transform is performed 700 on the vertex coordinates vin to
project the vertex onto the sensor plane. The projective transform is performed as per vOut = mP
* vIn, where mP is a projection matrix based on the camera intrinsic parameters. The undistorted
sensor plane coordinates xu and yu corresponding to the projected vertex are then computed 702
as per xu = vOut.x/vInz and yu = vOut.y/vinz.

[0041] The actual distorted sensor plane coordinates xd and yd corresponding to the projected
vertex are then computed 704 using the lens distortion lookup table. In some embodiments, the
lookup table is defined as a function of the angle Bu between the normal of the camera and a
vector from a point along the normal (called the focal length of the lens) to the radial distance
(ru) between the origin and the undistorted image plane coordinates xu and yu. The output of the
lookup operation is the radial distance (rd) between the origin and the corresponding point on the
sensor in the distorted domain.

[0042] First, the radial distance in the undistorted domain ru from the center of the sensor to
xu, yu is computed as per ru = length (xu, yu). The angle 6u is then calculated as per 6u =
arctan(ru * f1), where fl is the focal length of the lens. The value of rd is then determined from
the lookup table using 6u as the index into the table. Finally, xd and yd are computed as per xd =
(rd/ru) * xu and yd = (rd/ru) * yu. Note that these coordinates are offsets from the center of the
image while the origin of pixel coordinates of the sensor is the upper left corner. Actual
coordinates need to be calculated using the lens resolution and coordinates of the center of the

lens.
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[0043] FIG. 8 is a flow diagram of a method for generating an SV image for display in a view
port that can be performed by the SV camera system 300 of FIG. 3. The method uses ray tracing
for lens remapping as part of generating the SV image to be displayed in the view port, also
referred to as an output window, of the display device 218. The use of ray tracing enables real
time performance of dynamic and adaptive surround view where camera orientation and location
in a scene can change or the scene itself can change. Moreover, unlike raster processing in
which each vertex needs to be processed for each viewpoint change, the use of ray tracing
eliminates the need to process each vertex when the scene changes.

[0044] A view port can be the entire display screen 218 or a rectangular subset thereof.
Further, a view port can be any resolution supported by the display device 218. The method
assumes world model data generated as previously described herein is stored in the memory 306
for use in ray tracing. The method also assumes that a viewpoint, also referred to as an eyepoint,
for the view port is specified. Any arbitrary viewpoint can be specified, e.g., by a user operating
a vehicle including the SV camera system 300.

[0045] Initially, corresponding images of each video stream being captured by each camera
202-208 is received 800 by the SV processing system 302. The SV processing system 302 then
generates 802 an SV image from the images using ray tracing and displays 804 the resulting SV
image in the view port on the display device 218. Ray tracing is used to determine a value for
each pixel of the SV image that is to be displayed in the view port. Put another way, ray tracing
is used to determine a value for each pixel in the view port. FIG. 9 is a flow diagram of a
method for using ray tracing to determine the value of a pixel displayed in the view port. The
method is repeated for each pixel in the view port. Portions of the method are illustrated using
the example of FIG. 10.

[0046] Initially, a ray is cast 902 from the viewpoint through the pixel into the world model
representing the scene and the intersection point is calculated. As illustrated in FIG. 10, rays
1012, 1016, 1020, and 1024 are cast from the viewpoint 1002 through pixels of the view port
1010 into the world model 1004.

[0047] If the ray intersects 903 with the vehicle model 1006, the pixel value is calculated 910
based on the intersection point with the vehicle model. Any suitable technique can be used to
determine the value of the pixel at the intersection point. For example, the value of the pixel at

the intersection point in the vehicle model can be used as the pixel value for the SV image. In
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another example, as illustrated in FIG. 10, the ray 1012 intersects with the vehicle model 1006.
A ray 1014 is reflected from the intersection point on the vehicle model and does not intersect
with the world model 1004. The reflected ray 1014 “terminates” outside the world model 1004
and is assumed to hit the sky. A color corresponding to a sky color is blended with the pixel
color from the intersected pixel on the vehicle model 1006. How the sky color is determined is
implementation dependent. The sky color can be assumed to be, for example, a shade of blue
during the day and black at night. A reflected ray can also intersect with the world model 1004,
In such a case, rays can be cast from the world model intersection point toward the centers of the
two lens models having the intersection point in the lens FOV and the pixel values at the lens
model intersection points can be blended with the pixel value of the intersected pixel on the
vehicle model 1006.

[0048] Referring again to FIG. 9, if the ray intersects 904 with the world model or an object in
the scene, rays are cast 906 from the intersection point toward the centers of the two lens models
positioned around the vehicle model having the intersection point in the lens FOV. In the
example of FIG. 10, the ray 1016 and the ray 1020 both intersect with the world model 1004.
The rays 1018 are cast from the intersection point of the ray 1016 toward the centers of the two
lens models 1008 on the vehicle model 1006 having the intersection point in the lens FOV. The
rays 1022 are cast from the intersection of ray 1020 toward the centers of the two lens models
1008 on the vehicle model 1006 having the intersection point in the lens FOV. Note that the rays
1018, 1022 are two rays depicted with a single line for simplicity of illustration.

[0049] The pixel value is calculated 908 based on the intersection points(s) of the rays. As
previously described, the coordinates of pixels in an image captured by a camera corresponding
to a lens model are associated with vertices of the lens model. If a ray directly intersects with a
vertex in the lens model, the corresponding image coordinates (u,v) are used to get the pixel
value. If a ray passes between vertices, the ray tracing accelerator 310 performs interpolation
between u,v values of the closest vertices. Once the vertex of the lens model where a ray
intersects is determined, the coordinates of the pixel in the image are known and the value of that
pixel can be used to determine the value of the pixel in the SV image/view port.

[0050] If both rays reach the respective lens models, the pixel values from the two images are
blended to determine the value of the pixel in the SV image/view port. Any suitable approach

for blending can be used. For example, a weighted blending can be used in which each pixel in
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the scene is assumed to be inside an overlap region between two adjacent cameras. For most of
the pixels, the blend weights are either O or 1 indicating that the entire pixel value is taken from
just one camera. For a configurable narrow region from normal in each direction, the blend
weights are selected such that there is a smooth transition from O tol for one camera and from 1
to O for the other camera. In the example of FIG. 10, the two rays 1018 intersect with respective
lens models 1008 and the pixel value in the SV image/view port is determined by blending the
pixel values from the two images of the cameras corresponding to the lens models. Similarly,
the two rays 1022 intersect with respective lens models 1008 and the pixel value in the SV
image/view port is determined by blending the pixel values from the two images of the cameras
corresponding to the lens models.

[0051] Referring again to FIG. 9, if only one ray reaches a respective lens model or if neither
ray reaches the respective lens model, any suitable technique can be used to determine the pixel
value in the SV image/view port. For example, in the former case, the pixel value from the
corresponding image can be used as the pixel value in the SV image/view port. In the latter case,
the pixel value in the SV image/view port can be treated as being part of a shadow region.

[0052] If the originally cast ray does not intersect 904 with the scene, e.g., the ray 1024 in FIG.
10, then the pixel value in the SV image/view port can be determined in any suitable way. For
example, the pixel value can be set to black or clear or a background color.

Other Embodiments

[0053] While the description has been described with respect to a limited number of
embodiments, other embodiments can be devised which do not depart from the scope of the
invention as described herein.

[0054] For example, embodiments are described herein in which the SV camera system
includes four cameras with wide angle lenses. In other embodiments, more or fewer cameras are
included in the system.

[0055] In some embodiments, hemispheric lens models are used for the ray tracing. In some
embodiments, the lens models can be another suitable geometric shape. Further, in some
embodiments, the camera lens can be represented as points. In such embodiments, the
calibration process generates lookup tables encoding the camera pixel to lens angle mapping and
the table lookup is based on the angle between the incoming ray and the normal of the camera.

The ray tracing is performed by software executing on the RTA 310 using the lookup tables.

12



WO 2020/180767 PCT/US2020/020600

Euclidian algebra can be used to compute the angle between a ray and the normal of the camera
given the orientation and location of the camera.

[0056] In some embodiments, the world model can change dynamically based on scene
changes and objects appearing and disappearing.

[0057] Some embodiments reference automotive SV camera systems. Other embodiments for
vehicles other than automobiles that incorporate an SV camera system include, for example,
robots, aerial vehicles such as drones, farm equipment such as harvesters, combines, and tractors,
warehouse vehicles such as forklifts, water vehicles such as boats and barges, and helmets.
[0058] Some embodiments reference an example 3D automotive SV system. Using real time
ray tracing for lens remapping can be used in other applications that remap camera images to a
different viewpoint. For such applications, camera models can be place in a 3D scene at
locations corresponding to physical cameras in the world. In some embodiments, geometric
models such as the hemispheric models described herein can be generated for each camera lens
that map vertices on the lens models to camera image coordinates. In other embodiments, each
lens can be represented as a point and lookup tables encoding the camera pixel to lens angle
mapping can be generated. To find actual image coordinates, a ray can be cast into the scene and
from the scene to the lens models in a similar fashion to that described herein for a 3D
automotive SV system.

[0059] The appended claims cover any such modifications of the embodiments as fall within

the true scope of the description.
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CLAIMS

What is claimed is:

1. A method for generating a surround view (SV) image for display in a view port of an SV
processing system, the method comprising:

capturing, by at least one processor, corresponding images of video streams from each
camera of a plurality of cameras; and

generating, by the at least one processor, the SV image using ray tracing for lens
remapping to identify coordinates of pixels in the images corresponding to pixels
in the SV image.

2. The method of claim 1, wherein the plurality of cameras is mounted on a vehicle.

3. The method of claim 1, wherein generating the SV image further comprises, for each pixel in
the view port:

casting a first ray from a viewpoint through a location of the pixel in the view port into a
world model;

casting a plurality of rays from an intersection point of the first ray in the world model,
wherein each ray of the plurality of rays is cast toward a center of a respective
lens model of lens models of cameras of the plurality of cameras having the
intersection point in a field of view; and

determining a value of the pixel based on at least one intersection point of one ray of the
plurality of rays on the respective lens model.

4. The method of claim 3, wherein each lens model associates coordinates of pixels in images
captured using a lens corresponding to the lens model with respective vertices of the lens
model.

5. The method of claim 4, wherein each lens model is a hemispheric model.

6. The method of claim 3, wherein a ray-tracing enabled graphics processing unit comprised in
the SV processing system performs the casting of the first ray and the casting of the plurality
of rays.

7. A surround view (SV) processing system, the SV processing system comprising:

a plurality of cameras;
a display device;

at least one processor coupled to the plurality of cameras and to the display device; and
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a non-transitory computer readable storage medium storing a program for execution by
the at least one processor, the program including instructions to:
capture corresponding images of video streams from each camera of the plurality
of cameras; and
generate an SV image using ray tracing for lens remapping to identify coordinates
of pixels in the images corresponding to pixels in the SV image.
The SV processing system of claim 7, wherein the SV processing system is comprised in a
vehicle and the plurality of cameras is mounted on the vehicle.
The SV processing system of claim 7, wherein the instructions further comprise instructions
to, for each pixel in a view port,
cast a first ray from a viewpoint through a location of the pixel in the view port into a
world model;
cast a plurality of rays from an intersection point of the first ray in the world model,
wherein each ray of the plurality of rays is cast toward a center of a respective
lens model of lens models of cameras of the plurality of cameras having the
intersection point in a field of view; and
determine a value of the pixel based on at least one intersection point of one ray of the
plurality of rays on the respective lens model.
The SV processing system of claim 9, wherein each lens model associates coordinates of
pixels in images captured using a lens corresponding to the lens model with respective
vertices of the lens model.
The SV processing system of claim 10, wherein each lens model is a hemispheric model.
The SV processing system of claim 9, wherein the at least one processor comprises a ray-
tracing enabled graphics processing unit for casting the first ray and casting the plurality of
rays.
A method for lens remapping to determine a value of a pixel in a view port, the method
comprising:
casting, by at least one processor, a first ray from a viewpoint through a location of the
pixel in the view port into a model of a scene;
casting, by the at least one processor, a second ray from an intersection point of the first

ray in the model to a center of a lens model having the intersection point in a field
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of view of a lens corresponding to the lens model; and
determining, by the at least one processor, the value of the pixel based on an intersection
point on the lens model of the second ray.

14. The method of claim 13, wherein the lens model associates coordinates of pixels in images
captured using a lens corresponding to the lens model with vertices of the lens model.

15. The method of claim 14, wherein the lens model is a hemispheric model.

16. The method of claim 14, wherein the at least one processor comprises a ray-tracing enabled
graphics processing unit which performs the casting of the first ray and the casting of the
second ray.

17. A vehicle comprising a surround view (SV) processing system, the SV processing system
comprising:

a plurality of cameras mounted on the vehicle, wherein adjacent cameras have
overlapping fields of view;
a display device;
a ray-tracing enabled graphics processing unit (GPU);
at least one processor coupled to the plurality of cameras, the display device, and the
GPU; and
a non-transitory computer readable medium storing a program for execution by the at
least one processor and the GPU, the program including instructions to:
capture corresponding images of video streams from each camera of the plurality
of cameras; and
generate an SV image using ray tracing for lens remapping to identify coordinates
of pixels in the images corresponding to pixels in the SV image, wherein
the GPU performs the ray tracing using hemispheric lens models
corresponding to respective cameras of the plurality of cameras.

18. The vehicle of claim 17, wherein the instructions further comprise instructions to, for each
pixel in a view port,

cast a first ray from a viewpoint through a location of the pixel in the view port into a
world model;
cast a plurality of rays from an intersection point of the first ray in the world model,

wherein each ray of the plurality of rays is cast toward a center of a respective
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hemispheric lens model of a camera of the plurality of cameras having the
intersection point in a field of view; and

determine a value of the pixel based on at least one intersection point of one ray of the
plurality of rays on the respective hemispheric lens model.

19. The vehicle of claim 17, wherein each hemispheric lens model associates coordinates of
pixels in images captured using a camera corresponding to the hemispheric lens model with
respective vertices of the hemispheric lens model.

20. A method for generating a surround view (SV) image for display in a view port of an SV
processing system comprised in a vehicle, the method comprising:

capturing corresponding images of video streams from each camera of a plurality of
cameras mounted on the vehicle, wherein adjacent cameras have overlapping
fields of view; and

generating the SV image using ray tracing for lens remapping to identify coordinates of
pixels in the images corresponding to pixels in the SV image, wherein a ray-
tracing enabled graphics processing unit (GPU) comprised in the SV processing
system performs the ray tracing using hemispheric lens models corresponding to
respective cameras of the plurality of cameras.

21. The method of claim 20, wherein generating the SV image further comprises, for each pixel
in the view port:

casting a first ray from a viewpoint through a location of the pixel in the view port into a
world model;

casting a plurality of rays from an intersection point of the first ray in the world model,
wherein each ray of the plurality of rays is cast toward a center of a respective
hemispheric lens model of a camera of the plurality of cameras having the
intersection point in a field of view; and

determining a value of the pixel based on at least one intersection point of one ray of the
plurality of rays on the respective hemispheric lens model.

22. The method of claim 20, wherein each hemispheric lens model associates coordinates of
pixels in images captured using a camera corresponding to the hemispheric lens model with

respective vertices of the hemispheric lens model.
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