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(57) Abstract: Systems and methods for detecting a vehicle.
One system includes a controller. The controller is con-
figured to receive images from a camera mounted on a first
vehicle, identify a surface of a second vehicle located
around the first vehicle based on the images, and generate a
three-dimensional model associated with the second vehicle.
The model includes a first plane and a second plane approx-
imately perpendicular to the first plane. The first plane of
the model is associated with the identified surface of the
second vehicle. The controller is further configured to track
a position of the second vehicle using the three-dimensional
model after the identified surface falls at least partially out-
side of a field-of-view of the at least one camera.
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MULTI-SURFACE MODEL-BASED TRACKING

RELATED APPLICATIONS

[0001] The present application claims priority to U.S. Provisional Patent Application No.
61/615,596, filed March 26, 2012, the entire content of which is herein incorporated by

reference.
BACKGROUND

[0002] Existing adaptive cruise control (“ACC”) and forward collision warning (“FCW”)
systems provide radar sensor solutions optionally supplemented by a forward-looking
monochrome camera. Radar sensors work well for longitudinal distance and velocity
measurements but may not be able to detect certain traffic situations that rely on precise and
robust lateral tracking. For example, existing radar systems often cannot detect neighboring
lane disturbances that can occur when a vehicle is overtaking other vehicle, such as semi-
trucks, at low relative speeds. In particular, radar systems may see sporadic reflections in the
driving neighboring lane due to the mass of the truck side and may not be able to maintain
tracking of previously-seen vehicles. Existing radar systems also may not be able to provide
proper reactions when a target vehicle in the same lane slows and turns sharply into another
street (often referred to as “McDonald’s turns”). For example, existing radar systems may
unnecessarily decelerate the vehicle or provide warnings in this situation. Furthermore, many
existing radar systems cannot properly detect “late” vehicles, such as when a vehicle abruptly

cuts into a lane.

[0003] These situations may be mitigated to a certain degree by a camera that can provide
information on lane position and vehicle detection. However, existing monochrome cameras
need to see most of or the entire backside of a vehicle to detect the vehicle and can only track
the vehicle when a majority of the vehicle back-side is within the camera’s field of view
(“FoV”). As a result, cameras are not able to fully eliminate all the above errors, especially

for cut-in situations.
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SUMMARY

[0004] Therefore, embodiments of the present invention provide a more universal
approach for cameras to enhance current ACC or FCW systems based on radar, camera, or a
combination thereof and provide robust tracking and recognition of vehicles. As described
below, embodiments of the present invention can detect an accurate lateral position of a
vehicle (e.g., either in neighbor lane or the same lane) without seeing the entire vehicle and
can detect the vehicle’s turning intention by detecting rotation of the vehicle earlier than

existing systems.

[0005] In particular, embodiments of the present invention provide systems and methods
for extending the capability of a forward-looking camera. In particular, the proposed systems
and methods perform feature tracking across vehicle surfaces based on a complete three-
dimensional (“3-D”) model of the vehicle using two-dimensional (“2-D”) data captured by
the camera. The 3-D model is used to track a side of a vehicle even though the back of the
vehicle, which was originally detected by the camera, moves out of the camera’s FoV.
Therefore, the 3-D model remedies the situations discussed above. The 3-D model can also
provide additional functionality, such as being a basis for building a full 360-degree surround

model using multiple cameras.

[0006] For example, one embodiment of the invention provides a system for detecting a
vehicle. The system includes a controller. The controller is configured to receive images
from a camera mounted on a first vehicle, identify a surface of a second vehicle located
around the first vehicle based on the images, and generate a three-dimensional model
associated with the second vehicle. The model includes a first plane and a second plane
approximately perpendicular to the first plane. The first plane is associated with the
identified surface of the second vehicle. The controller is further configured to track a
position of the second vehicle using the three-dimensional model after the identified surface

falls at least partially outside of a field-of-view of the at least one camera.

[0007] Another embodiment of the invention provides a method for detecting a vehicle.
The method includes receiving, at at least one controller, images from at least one camera
mounted on a first vehicle, detecting, by the at least one controller, a surface of a second

vehicle located around the first vehicle based on the images, and generating, by the at least
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one controller, a three-dimensional model representing the second vehicle. The three-
dimensional model includes a first plane and a second plane approximately perpendicular to
the first plane, and the first plane represents the identified surface of the second vehicle. The
method also includes determining, by the at least one controller, a position of the second
vehicle using the model and updated data from the at least one camera after the identified
surface of the second vehicle falls at least partially outside of a field-of-view of the at least

onc camera.

[0008] Other aspects of the invention will become apparent by consideration of the

detailed description and accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS
[0009] FIG. 1 schematically illustrates a vehicle.

[0010] FIG. 2 schematically illustrates an object detection controller included in the
vehicle of FIG. 1.

[0011] FIG. 3 is a flowchart illustrating object detection methods performed by the object
detection controller of FIG. 2.

[0012] FIGS. 4-7 schematically illustrate vehicle detection and tracking performed by the
object detection controller of FIG. 2.

DETAILED DESCRIPTION

[0013] Before any embodiments of the invention are explained in detail, it is to be
understood that the invention is not limited in its application to the details of construction and
the arrangement of components set forth in the following description or illustrated in the
following drawings. The invention is capable of other embodiments and of being practiced

or of being carried out in various ways.

[0014] FIG. 1 illustrates a vehicle 10. The vehicle 10 includes an object detection
controller 12. The object detection controller 12 is connected to a network, such as a
controller area network (“CAN”) bus 16. The bus 16 allows the controller 12 to exchange

data with devices connected to the bus 16, such as one or more environment sensors 22.
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Although the bus 16 is shown in the vehicle 10 as connecting the various components, other
connections between the components, whether wired, wireless, direct, or indirect, are

possible.

[0015] The environment sensors 22 include one or more radar, sonar, ultrasonic, and/or
optical sensors (e.g., one or more monochrome cameras, sterco cameras, ctc.) that are
mounted on the surface of the vehicle 10 and detect objects located around the vehicle 10
(e.g., other vehicles). As illustrated in FIG. 1, the sensors 22 can be positioned at the front
and rear of the vehicle 10 to detect objects located generally in front of and behind the
vehicle 10. However, it should be understood that the sensors 22 can be mounted at any
location on the vehicle 10 to detect objects in any direction. The object detection controller
12 obtains data from the environment sensors 22 and uses the data to detect objects located
around the vehicle 10 and their relative positions. For example, one of the sensors 22 detects
a distance between the vehicle 10 and an object located around the vechicle 10. In one
embodiment, one of the sensors 22 includes a radar sensor that transmits radar waves. The
waves bounce off the objects closest to the vehicle 10 and return to the radar sensor. The
radar sensor (or the object detection controller 12) calculates how long it took for a wave to
bounce back after transmission. With this information, the radar sensor (or the object
detection controller 12) determines the distance between the vehicle 10 and objects (e.g.,
other vehicles) located around the vehicle 10. The environment sensors 22 can also include a
camera (e.g., a monocular or a binocular (stereo vision) monochrome camera system)
mounted at the front of the vehicle 10. The camera captures images (e.g., still or video) of an

area in front of the vehicle 10.

[0016] The controller 12 uses the information collected by the sensors 22 to identify or
detect other objects, such as other vehicles, located around the vehicle 10. In some
embodiments, the controller 12 uses information regarding detected objects (e.g., position,
speed, change in position, etc.) to perform various automatic vehicle control operations, such
as adaptive cruise control (“ACC”) and/or forward collision warning (“FCW?”). In other
embodiments, however, the controller 12 is configured to detect objects and provide
information regarding detected objects to one or more supplemental controllers 24 (e.g., an
ACC controller, an FCW controller, a stability control system, etc.), and the supplemental
controller 24 can be configured to use the information regarding detected objects to

automatically modify vehicle operation. Accordingly, it should be understood that the
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functionality of the controller 12 can be distributed among multiple control devices or

systems.

[0017] As illustrated in FIG. 2, the object detection controller 12 includes a processor 30,
non-transitory computer-readable media 32, and an input/output interface 34. The computer-
readable media 32 can include random access memory (“RAM”) and/or read-only memory
(“ROM™). The input/output interface 34 transmits and receives information over the bus 16
and, optionally, other devices not connected to the bus 16 (e.g., inside the vehicle 10 or
external to the vehicle 10). The processor 30 receives information (e.g., from the media 32
and/or the input/output interface 34) and processes the information by executing one or more
instructions or modules. The instructions or modules are stored in the computer-readable
media 32. The processor 30 also stores information (e.g., information received from the bus
16 or information generated by instructions or modules executed by the processor 30) to the
media 32. It should be understood that although only a single processor, input/output
interface, and computer-readable media module are illustrated in FIG. 2, the object detection
controller 12 can include multiple processing units, memory modules, and/or input/output
interfaces. It should be understood that in other embodiments, the controller 12 includes an
application-specific integrated circuit (“ASIC”) in place of or in addition to the processor 30,

media 32, and interface 34.

[0018] The instructions stored in the computer-readable media 32 provide particular
functionality when executed by the processor 30. In general, the instructions, when executed
by the processor 30, use information from the environment sensors 22 to detect objects, such
as other vehicles around the vehicle 10 and their position relative to the vehicle 10. As noted
above, the controller 12 can be configured to use information regarding detected objects to
perform various vehicle control operations (e.g., ACC and/or FCW) or can be configured to

provide this information to other controllers that perform these operations.

[0019] As described above in the summary section, although using cameras with radar
systems can improve detection and tracking of surrounding objects and vehicles, existing
camera systems for detecting surrounding vehicles detect vehicles based on the appearance of
the back of a vehicle and usually require that the camera sees nearly 100% of the back (e.g.,
to identify a surface of having a particular, size, shape, and/or other features, such as a
generally rectangular surface of a predetermined size). Accordingly, existing cameras are not

able to recognize a vehicle by seeing only the side of the vehicle. Therefore, existing
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cameras usually lose track of a vehicle when part of the back of the vehicle moves out of the
camera’s field-of-view (“FoV”) due to a perspective change (e.g., when the vehicle 10
overtakes the vehicle) or due to vehicle rotation (e.g., the detected vehicle or the vehicle 10

turns or changes lanes).

[0020] To overcome these issues, the controller 12 is configured to detect objects (i.e.,
other vehicles) using a multi-surface model, including a two-surface model, to represent a
detected vehicle. The two surfaces include the back of the object and a side of the object.
Depending on the relative object position, the side surface could be the left or the right side.
However, the topology matches what a camera located at the front of the vehicle 10 sees
(e.g., whether images detected by the camera include features of a surface to the left or right

of a back of a detected vehicle).

[0021] For example, FIG. 3 is a flow chart illustrating object detection and tracking
performed by the controller 12 (e.g., based on instructions stored in the media 32 and
executed by the processor 30). In some embodiments, the controller 12 is configured to
detect a vehicle in three different situations. In particular, the controller 12 can be configured
to (1) detect a back of a vehicle in the same driving lane or corridor as the vehicle 10 (“State
1), (2) detect a back of a vehicle in an adjacent driving corridor as the vehicle 10 (“State 27),
and (3) detect a side of a vehicle (“State 3”). As described in more detail below, the
controller 12 can detect a side of a vehicle either initially or after initially detecting the back
of the vehicle. The controller 12 is configured to track the detected vehicle as it transitions
between the three situations with little, if any, interruption in tracking (so-called “seamless”
tracking). In particular, the controller 12 tracks a detected vehicle one state to another
without losing track of the vehicle or mischaracterizing a detected vehicle as a new vehicle

rather than a previously-detected vehicle that has changed position.

[0022] In particular, as illustrated in FIG. 3, in State 1, the controller 12 uses a manner
similar to existing systems to identify the backside of a vehicle based on data from the
environment sensors 22 (e.g., images from a camera) (at 40). After identifying the back of a
vehicle, the controller 12 performs wvehicle classification (e.g., “car,” “truck,” or
“motorcycle”). The controller 12 then creates a two-dimensional (“2-D”) bounding box
representing the identified back of the vehicle (at 42). The size of the bounding box can be

set based on the vehicle classification.
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[0023] The controller 12 also generates a three-dimensional (“3-D”) model associated
with the identified vehicle (at 44). The model includes multiple surfaces of the identified
vehicle. In particular, the model includes a first plane and a second plane approximately
perpendicular to the first plane. The first plane can be associated with a back surface of a
detected vehicle, and the second plane can be associated with a side surface of the detected
vehicle. Depending on the position of the detected vehicle to the vehicle 10 (i.e., whether the
detected vehicle is to the left, front, or right of the vehicle 10), the side surface is either a left
side surface or a right side surface of the detected vehicle. Each plane of the model

represents a hypothetical surface of the identified vehicle.

[0024] As the sensors 22 continuously acquire new data (e.g., new images), the controller
12 tracks features within the bounding box and within a predetermined zone of plausibility on
either side of the bounding box. If the controller 12 identifies features that are outside of the
bounding box but associated with a side of the detected vehicle (i.e., outside the bounding
box but inside the zone of plausibility and/or inside the model), the controller 12 updates the
model based on the detected side of the vehicle (at 46). Accordingly, the resulting updated
model provides a more accurate estimation of the detected vehicle’s rotation and lateral
position. This information can be used by the controller 12 and/or other control devices and
systems to perform various automatic vehicle operations, such as adjusting a cruise control
speed of the vehicle 10 to prevent a collision with a vehicle in the same driving corridor,

issuing a warning or slowing the vehicle 10 to prevent a collision with a detected vehicle, etc.

[0025] From State 1, a detected vehicle may transition to State 2, such as when the
detected vehicle or the vehicle 10 moves laterally and enters an adjacent driving corridor.
Similarly, from State 1, a detected vehicle may transition to State 3, such as when the
detected vehicle or the vehicle 10 turns (e.g., sharply, such as a McDonald’s turn) and the
back of the detected vehicle is no longer visible. Accordingly, using the model, the controller
12 can seamlessly track a detected vehicle during these transactions. In particular, the
controller 12 can use a vehicle side represented by the model to track the detected vehicle

even if the back of the detected vehicle is no longer visible or within the sensor’s FoV.

[0026] In State 2, the controller 12 detects the back of a vehicle in an adjacent driving
corridor (at 50) and creates a 2-D bounding box (at 52) as described above for State 1. The

controller 12 then generates a 3-D model based on the 2-D bounding box (at 54) and updates
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the model based on new or updated data acquired from the environment sensors 22 (at 56), as

also described above for State 1.

[0027] From State 2, a detected vehicle may transition to State 1, such as when the
detected vehicle changes lanes. Similarly, from State 2, a detected vehicle may transition to
State 3, such as when the vehicle 10 overtakes the detected vehicle. In both these transitions,
the controller 12 can continue to track the vehicle using the model. In particular, in a cut-in
situation (e.g., where a vertical distance between the detected vehicle and vehicle 10 is
small), the side of the detected vehicle may remain visible even if the back of the vehicle
(partially or wholly) is no longer within the sensors’ FoV. Similarly, during a passing
situation, even if the back of the detected vehicle is no longer visible, the controller 12 uses
the side surface represented by the model to continue tracking the position of the vehicle.
Continuous tracking of the detected vehicle in these situations provides for better estimation
of lateral distance and velocity of the detected vehicle, which helps ACC and FCW systems
of the vehicle 10.

[0028] As illustrated in FIG. 3, in State 3, the controller 12 does not detect a back of a
vehicle as performed in States 1 and 2. However, in State 3, the controller 12 detects a side
of a vehicle. For example, if the side of a vehicle is seen first by the sensors 22, such as when
another vehicle is overtaking the vehicle 10 or merges into the same or a neighboring corridor
as the vehicle 10, the controller 12 uses optical flow and object or motion segmentation to
detect motion based on data from the environment sensors 22 (e.g., based on images from a
camera) that is not part of the background (at 60). After detecting the motion, the controller
12 extracts features from the data associated with the motion. The controller 12 then uses a
surface fitting algorithm to generate a surface based on the extracted features (at 62). The
controller 12 compares the generated surface to an estimated side surface of one or more
potential vehicle models having a predetermined motion profile (e.g., matching detected
motion) (at 64). If the generated surface matches the estimated surface(s) (at 66), the
controller 12 identifies the extracted features as being associated with a potential vehicle and
generates a model for potential vehicle (at 68). Accordingly, using the model, the controller
12 can continue to track the potential vehicle and can update the model accordingly (at 70) as
described above with respect to States 1 and 2. It should be understood that the controller 12

can be configured to detect the side of a vehicle as part of initially detecting a vehicle or can
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perform the detection as part of tracking a vehicle after initially identifying the back of the

vehicle.

[0029] From State 3, a detected vehicle can transition to State 2. This transition can
occur when there is a vehicle in an adjacent corridor that is passing the vehicle 10 and
gradually the back of the vehicle moves into the sensors’ FoV. During this transition, the
controller 12 tracks the side of the vehicle. When the back of the vehicle begins to move into
the sensors’ FoV, the controller 12 detects features that do not fall in the estimated plane
associated with the vehicle side but fall in the estimated plane for the vehicle back as
represented by the model. Accordingly, using the 3-D models, the controller 12 can properly
track a detected vehicle and estimate the lateral and longitudinal distance of the detected
vehicle. This information can be used by various automatic vehicle control operations, such
as ACC and FCW systems. It is also possible for a detected vehicle to transition from State 3
to State 1. For example, this situation may occur when the driving corridor is wide or the

sensors 22 have a narrow field of view.

[0030] Accordingly, as described above, using the three-dimensional models, the
controller 12 can accurately detect and track the position of vehicles located around the
vehicle 10 (e.g., a distance between a detected vehicle and the vehicle 10). In particular, the
controller 12 can identify a vehicle either by identifying a back of the vehicle or by
identifying a side of the vehicle. Furthermore, after initially identifying or recognizing a
vehicle based on a particular surface of the vehicle (e.g., back or side), the controller 12 uses
the 3-D model to track the vehicle even after the surface of the vehicle that was initially
detected falls outside of the sensors’ FoV. In particular, as illustrated in FIG. 4 and as
described above, the controller 12 can identify a back 100 of a vehicle 102 based on features
extracted from data from the sensors 22 (i.e., images). After identifying the back 100 of the
vehicle 102, the controller 12 defines a bounding box 104 that forms the basis for a three-
dimensional model 106 associated with the detected vehicle 102. As illustrated in FIG. 4, the
model 106 includes at least a first plane 106a and a second plane 106b approximately
perpendicular to the first plane 106a. The first plane 106a can represent the back 100 of the
vehicle 102 and the second plane 106b can represent a side of the vehicle 102.

[0031] As illustrated in FIGS. 5-7, after initially identifying the vehicle 102, the
controller 12 uses the model 106 to track the vehicle 102 as it moves and even after the back

100 of the vehicle 102 has fallen (partially or completely) outside of the sensors’ FoV 108.
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In particular, the controller 12 identifies features of the vehicle 102 based on data from the
environment sensors 22. The controller 12 determines if the detected features match the
model 106 previously generated for the identified vehicle 102. If the features match the
model 106, the controller 12 continues to track the identified vehicle 102. Therefore, even in
situations where the entire back 100 of the vehicle 102 is outside of the sensors’ FoV 108,
which may occur when the vehicle 102 changes lanes, turns, or changes speed, the controller

12 uses the model 106 to continue to track the vehicle 102.

[0032] Once a vehicle model is constructed using available features, the controller 12
acquires new or updated data from the sensors 22, tracks features that fit into the model, and
updates the model accordingly based on the updated data. This ability allows the controller
12 to detect particular traffic situations that many existing object detection systems cannot
properly detect. For example, the controller 12 uses a “rolling feature” to determine if new
features identified in updated data from the sensors 22 belong to the same originally-detected
surface or a new surface that could fit the generated 3-D multi-surface model. In particular,
the controller 12 can be configured to determine if the new features fit the plane of the model
representing the initial surface identified by the controller 12. If the features fit this plane, the
controller 12 identifies that the new features are associated with the initial surface identified
by the controller 12 and the controller 12 can update the model accordingly (e.g., by adjusting
the model’s size, position, etc.). If the new features do not fit this plane, the controller 12
determines if the new features fit a “next” plane in the model. The next plane can be
associated with the next surface that will likely be seen by the sensors 22. For example, if the
sensors 22 initially viewed the back surface of a vehicle, the next surface likely viewed by the
sensors 22 would be a side surface. Similarly, if the sensors 22 initially viewed a side surface
of a vehicle, the next surface likely viewed by the sensors 22 would be the back surface.
Accordingly, the controller 12 identifies the “next” plane from the model and determines if
the new features fit this plane. If so, the controller 12 identifies that the new features are
associated with the “next” plane and updates the model accordingly (e.g., by adjusting the
model’s size, position, orientation, etc.). If new features do not fit any of the planes
associated with the model of a previously-identified vehicle, the controller 12 can be
configured to generate a new model and/or delete an existing model (i.e., indicating that a
previously-identified vehicle is no longer present). Therefore, the controller 12 “rolls” from

one plane or surface to the logical next plane or surface to determine if new features extracted

10



WO 2013/148675 PCT/US2013/033869

from updated data provided by the sensors 22 continue to represent a previously-identified

vehicle.

[0033] By “rolling” features from the back surface to a side surface and following
features along a side, or vice versa, the controller 12 can accurately track a vehicle during a
passing situation. Similarly, for a two-camera system (i.e., including a front-view camera and
a back-view camera) or a 360 degree FoV system, the controller 12 can continue rolling
features to a front surface. Accordingly, as long as the controller 12 identifies features that fit
a model (e.g., fall within the model or within a zone of plausibility associated one or more of
the planes of the model or the model itself using the above rolling feature), the controller 12
can continue to track the detected vehicle even when the original surface used to initially

detect the vehicle have completely disappeared from the sensors’ FoV.

[0034] In addition to accurately tracking passing situations, the controller 12 can also
accurately track detected vehicles during sharp turning situations, such as McDonald’s turns.
In particular, the controller 12 can identify rotation or turning of a detected vehicle earlier by
detecting rotation of features along the 3-D multi-surface model (e.g., detecting change in
features of a vehicle’s side). Furthermore, during a cut-in situation or a merge situation, the
controller 12 detects a side of a vehicle, which allows the cutting-in or merging vehicle to be

detected earlier than existing systems.

[0035] Therefore, embodiments of the present invention provide systems and method for
detecting and tracking other vehicles located around a vehicle using three-dimensional, multi-
surface models, and the information gathered using this process can be used to enhance
automatic vehicle control operations, such as ACC and FCW. Tt should be understood that
the forward-looking system described herein can also be mirrored backward or can be used to
provide approximately 360-degree FoV coverage. For example, with approximately 360
degrees of coverage, the controller 12 can track a passing vehicle based on a rear-view
camera initially seeing the front and the side of the vehicle and a side-view camera
subsequently seeing the side of the vehicle and, in some embodiments, can predict a potential

cut-in situation even before the passing vehicle is seen by a front-view camera.

[0036] It should be understood that although the system and methods described herein
relate to detecting and tracking vehicles, the systems and methods can be used to detect and

track any type of object located around the vehicle.

11



WO 2013/148675 PCT/US2013/033869

[0037] Various features and advantages of the invention are set forth in the following

claims.

12
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CLAIMS
What is claimed is:
1. A system for detecting a vehicle, the system comprising:
a controller configured to
receive images from a camera mounted on a first vehicle,

identify a surface of a second vehicle located around the first vehicle based on

the images,

generate a three-dimensional model associated with the second vehicle, the
three-dimensional model including a first plane and a second plane approximately
perpendicular to the first plane, wherein the first plane is associated with the identified

surface of the second vehicle, and

track a position of the second vehicle using the three-dimensional model after
the identified surface falls at least partially outside of a field-of-view of the at least one

camera.

2. The system of Claim 1, wherein the controller is further configured to receive data

from at least one radar sensor mounted on the first vehicle.

3. The system of Claim 1, wherein the surface of the second vehicle is a back surface of

the second vehicle.

4. The system of Claim 1, wherein the surface of the second vehicle is a side surface of

the second vehicle.

5. The system of Claim 1, wherein the controller is configured to identify the surface of

the second vehicle based on features extracted from the images.
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6. The system of Claim 6, wherein the controller is configured to track a position of the

second vehicle by:
receiving updated images from the at least one camera,
extracting features from the updated images,
determining if the extracted features fit the first plane of the three-dimensional model,

when the extracted features do not fit the first plane of the three-dimensional model,

determining if the extracted features fit the second plane of the three-dimensional model, and

when the extracted features fit the second plane of the three-dimensional model,

updating the three-dimensional model based on the extracted features.

7. The system of Claim 1, wherein the controller is configured to generate the three-

dimensional model by:

classifying the second vehicle into a vehicle category based on characteristics of the

identified surface of the second vehicle,

defining a bounding box representing the identified surface of the second, wherein the

size of the bounding box is based on the vehicle category of the second vehicle, and
setting the bounding box as the first plane of the three-dimensional model.

8. The system of Claim 1, wherein the controller is configured to identify the surface of

the second vehicle by:
detecting motion in the images,
extracting features from the images based on the detected motion,
generating a surface based on the extracted features, and
comparing the surface to a side surface of at least one vehicle model.

9. The system of Claim 1, wherein the at least one camera is mounted to a front of the

first vehicle.

14



WO 2013/148675 PCT/US2013/033869

10. The system of Claim 1, wherein the controller is further configured to perform at least

one automatic vehicle control operation based on the tracked position of the second vehicle.

11. The system of Claim 10, wherein the at least one automatic vehicle control operation

includes at least one adaptive cruise control and forward collision warning.
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12. A method for detecting a vehicle, the method comprising:

receiving, at at least one controller, images from at least one camera mounted on a

first vehicle;

detecting, by the at least one controller, a surface of a second vehicle located around

the first vehicle based on the images;

generating, by the at least one controller, a three-dimensional model representing the
second vehicle, the three-dimensional model including a first plane and a second plane
approximately perpendicular to the first plane, wherein the first plane represents the

identified surface of the second vehicle; and

determining, by the at least one controller, a position of the second vehicle using the
model and updated data from the at least one camera after the identified surface of the second

vehicle falls at least partially outside of a field-of-view of the at least one camera.

13. The method of Claim 12, wherein detecting a surface of a second vehicle includes

detecting a back surface of a second vehicle.

14.  The method of Claim 12, wherein detecting a surface of the second vehicle includes

detecting a side surface of a second vehicle.

15.  The method of Claim 12, wherein determining a position of the second vehicle

includes
receiving updated images from the at least one camera;
extracting features from the updated images;
determining if the extracted features fit the first plane of the three-dimensional model;

when the extracted features do not fit the first plane of the three-dimensional model,

determining if the extracted features fit the second plane of the three-dimensional model; and

when the extracted features fit the second plane of the three-dimensional model,

updating the three-dimensional model based on the extracted features.
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16. The method of Claim 12, wherein generating a three-dimensional model includes

classifying the second vehicle into a vehicle category based on characteristics of the

identified surface of the second vehicle,

defining a bounding box representing the identified surface of the second, wherein the

size of the bounding box is based on the vehicle category of the second vehicle, and
setting the bounding box as the first plane of the three-dimensional model.

17. The method of Claim 12, wherein detecting a surface of a second vehicle includes
detecting motion in the images;
extracting features from the images based on the detected motion;
generating a surface based on the extracted features; and
comparing the surface to a side surface of at least one vehicle model.

18. The method of Claim 12, further comprising performing at least one automatic

vehicle control operation based on the position of the second vehicle.

19. The method of Claim 12, further comprising transmitting the position of the second
vehicle to at least one of an automatic cruise control system and a forward collision warning

system.
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