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(57) ABSTRACT

An object tracking device that can track an object accurately
and consistently is provided. An object tracking device (20)
includes an input interface (21), a processor (23), and an
output interface (24). The input interface (21) is configured
to acquire sensor data. The processor (23) is configured to
detect a detection target from the sensor data and track the
detection target using Kalman filters associated with each of
the detection target and an observed value. The output
interface (24) is configured to output a detection result
regarding the detection target. The processor (23) is config-
ured to impose a limit on a range of variation in an index of
the Kalman filters that influences tracking of the detection
target.
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FIG. 3
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FIG. 12
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OBJECT TRACKING DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority based on Japanese
Patent Application No. 2021-075295 (filed Apr. 27, 2021),
the entire disclosure of which is hereby incorporated by
reference.

TECHNICAL FIELD

[0002] The present disclosure relates to an object tracking
device.

BACKGROUND OF INVENTION
[0003] A known technology detects a nearby object and

performs tracking to predict the motion of the detected
object. For example, Patent Literature 1 discloses a device
that detects the presence or absence of approaching vehicles
and pedestrians by processing an image signal. The image
signal is outputted from a vehicle-mounted camera that
captures images around the vehicle. The device displays
approaching vehicles and pedestrians, each being marked
with a rectangular frame.

CITATION LIST

Patent Literature

[0004] Patent Literature 1: Japanese Patent Laid-Open
No. 11-321494

SUMMARY

[0005] In one embodiment, an object tracking device
includes an input interface, a processor, and an output
interface. The input interface is configured to acquire sensor
data. The processor is configured to detect a detection target
from the sensor data and track the detection target using
Kalman filters associated with each of the detection target
and an observed value. The output interface is configured to
output a detection result regarding the detection target. The
processor is configured to impose a limit on a range of
variation in an index of the Kalman filters that influences
tracking of the detection target.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 is a block diagram illustrating a schematic
configuration of an object tracking system including an
object tracking device according to an embodiment.
[0007] FIG. 2 is a diagram illustrating a vehicle equipped
with the object tracking system in FIG. 1, and detection
targets.

[0008] FIG. 3 is a flowchart illustrating an example of a
process to track an image of an object in a moving image.
[0009] FIG. 4 is a diagram illustrating an example of an
image of an object in a moving image.

[0010] FIG. 5 is a diagram for explaining the relationship
between an object in a real space, an image of the object in
a moving image, and a point mass in a virtual space.
[0011] FIG. 6 is a diagram illustrating an example of the
movement of a point mass in a virtual space.

[0012] FIG. 7 is a diagram for explaining data association.
[0013] FIG. 8 is a diagram illustrating an example of a
hierarchical structure for tracked object ID management.
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[0014] FIG. 9 is a diagram for explaining a limit on the
Mahalanobis distance.

[0015] FIG. 10 is a diagram for explaining a limit on a
grouping area.

[0016] FIG. 11 is a diagram for explaining a limit on a
grouping area.

[0017] FIG. 12 is a diagram for explaining a limit on the
size of an error ellipse according to output accuracy.
[0018] FIG. 13 is a diagram for explaining a limit on the
size of an error ellipse according to the saturability of a
detection result.

DESCRIPTION OF EMBODIMENTS

[0019] Hereinafter, an embodiment of the present disclo-
sure will be described with reference to the drawings. The
drawings used in the following description are schematic.
The dimensional proportions and the like in the drawings do
not necessarily match the real proportions.

[0020] FIG. 1 is a block diagram illustrating a schematic
configuration of an object tracking system 1. In an embodi-
ment of the present disclosure, an object tracking device 20
is included in the object tracking system 1. In the present
embodiment, the object tracking system 1 includes an imag-
ing device 10, the object tracking device 20, and a display
30. In the present embodiment, the object tracking system 1
is mounted to a vehicle 100. The vehicle 100 is one example
of' a moving body, as exemplified in FIG. 2.

[0021] In the present embodiment, the object tracking
device 20 acquires a moving image from the imaging device
10 as sensor data. That is, in the present embodiment, the
sensor used to detect a detection target is an image sensor 12.
The image sensor 12 is provided in the imaging device 10
and captures an image of visible light. However, the object
tracking system 1 is not limited to the configuration illus-
trated in FIG. 1. The object tracking system 1 can be
provided with a different device from the imaging device 10,
insofar as the different device can detect a detection target.
In a different example, the object tracking system 1 may be
provided with a measurement device instead of the imaging
device 10. The measurement device measures the distance to
a detection target from a reflected wave of radiated laser
light. In a different example, the object tracking system 1
may be provided with a detection device instead of the
imaging device 10. The detection device includes a milli-
meter-wave sensor. In a different example, the object track-
ing system 1 may be provided with an imaging device 10
including an image sensor 12 that captures an image of light
outside the visible light range.

[0022] In the present embodiment, the object tracking
system 1 is mounted to a moving body that moves. The
detection target is an object 40 (see FIG. 2) in the surround-
ings of the moving body. However, the object tracking
system 1 is not limited to being mounted to a moving body.
In a different example, the object tracking system 1 may be
used in a factory or other facility. In this case, the detection
target may be an employee, a transport robot, a product, or
the like. In a different example, the object tracking system 1
may be used in a nursing home or the like. In this case, the
detection target may be an elderly person, a staff member, or
the like in a room. The object tracking system 1 is not
limited to performing object tracking for safe driving or safe
behavior. For example, the object tracking system 1 may
perform object tracking to increase work efficiency, improve
quality control, or raise productivity at agricultural and
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industrial sites, for example. In the present disclosure, the
object to be detected by the object tracking device 20
includes not only things such as moving bodies, but also
people.

[0023] As illustrated in FIG. 2, in the present embodiment,
a coordinate system in a real space is defined. In this
coordinate system, the x-axis direction is defined as the
lateral direction of the vehicle 100 equipped with the imag-
ing device 10. The positive y-axis direction is defined as the
backward direction of the vehicle 100. The x-axis and y-axis
directions are parallel to the road surface on which the
vehicle 100 is located. The z-axis direction is perpendicular
to the road surface. The z-axis direction may be referred to
as the vertical direction. The x-axis, y-axis, and z-axis
directions are mutually orthogonal. The x-axis, y-axis, and
z-axis directions are not limited to the definitions above. The
x-axis, y-axis, and z-axis directions may be interchanged.
[0024] The imaging device 10 includes an imaging optical
system 11, an image sensor 12, and a processor 13.

[0025] The imaging device 10 may be installed at any of
various positions in or on the vehicle 100. The imaging
device 10 includes, but is not limited to, a front camera, a left
side camera, a right side camera, a rear camera, and the like.
The front camera, left side camera, right side camera, and
rear camera are installed in or on the vehicle 100 to enable
image capture of the area surrounding the vehicle 100 in
front, on the left side, on the right side, and behind, respec-
tively. In the embodiment described as one example here-
inafter, as illustrated in FIG. 2, the imaging device 10 is
attached to the vehicle 100 to enable image capture behind
the vehicle 100. The optical axis direction of the imaging
device 10 points downward from the horizontal direction.
[0026] The imaging optical system 11 may include one or
more lenses. The image sensor 12 may include a charge-
coupled device (CCD) image sensor or a complementary
MOS (CMOS) image sensor.

[0027] The imaging optical system 11 is configured to
form an image of an object (subject image) on an imaging
surface of the image sensor 12. The image sensor 12 is
configured to convert the image of the object into an
electrical signal. The image sensor 12 can capture a moving
image at a predetermined frame rate. A frame is each still
image included in a moving image. The frame rate refers to
the number of images that can be captured every second. The
frame rate may be 60 frames per second (fps) or 30 fps, for
example.

[0028] The processor 13 is configured to control the
imaging device 10 as a whole and execute various types of
image processing on a moving image outputted from the
image sensor 12. The image processing to be performed by
the processor 13 may include any processing, such as
distortion correction, brightness adjustment, contrast adjust-
ment, and gamma correction.

[0029] The processor 13 may include one or more pro-
cessors. For example, the processor 13 includes one or more
circuits or units configured to perform one or more data
computation procedures or processes by executing instruc-
tions stored in an associated memory. The processor 13
includes at least one processor, microprocessor, microcon-
troller, application-specific integrated circuit (ASIC), digital
signal processor (DSP), programmable logic device (PLD),
or field-programmable gate array (FPGA), any combination
of these devices or configurations, or any combination of
other known devices or configurations.
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[0030] The object tracking device 20 includes an input
interface 21, storage 22, a processor 23, and an output
interface 24.

[0031] The input interface 21 is configured to communi-
cate with the imaging device 10 through a wired or wireless
means of communication. The input interface 21 acquires a
moving image from the imaging device 10 as sensor data.
The input interface 21 may correspond to the transmission
scheme of an image signal that the imaging device 10
transmits. The input interface 21 may also be referred to as
an inputter or acquirer. The imaging device 10 and the input
interface 21 may be connected by an in-vehicle communi-
cation network, such as a control area network (CAN).
[0032] The storage 22 is a storage device storing data and
a program required for processing to be performed by the
processor 23. For example, the storage 22 temporarily stores
a moving image acquired from the imaging device 10. For
example, the storage 22 stores data generated by processing
performed by the processor 23. One or more from among
semiconductor memory, magnetic memory, and optical
memory, for example, may be used to form the storage 22.
The semiconductor memory may include volatile memory
and non-volatile memory. The magnetic memory may
include a hard disk and magnetic tape, for example. The
optical memory may include a Compact Disc (CD), a Digital
Versatile Disc (DVD), and a Blu-ray® Disc (BD), for
example.

[0033] The processor 23 controls the object tracking
device 20 as a whole. The processor 23 recognizes an image
of an object included in a moving image acquired through
the input interface 21. The processor 23 maps the coordi-
nates of the recognized image of the object to the coordi-
nates of the object 40 in a virtual space 46 (see FIG. 6) and
tracks the position and speed of a point mass 45 (see FIG.
5) representing the object 40 in the virtual space 46. The
point mass 45 is a point that has mass and is of negligible
size. The virtual space 46 is a two-dimensional space in the
coordinate system defined by the three axes of the x-axis,
y-axis, and z-axis of the real space, with the value in the
z-axis direction being set to a predetermined, fixed value.
The processor 23 may map the coordinates of the tracked
point mass 45 in the virtual space 46 to coordinates in a
moving image.

[0034] The processor 23 detects a detection target from a
moving image, and tracks the detection target using Kalman
filters. The processor 23 is capable of detecting a plurality of
detection targets from a moving image and tracking each of
the plurality of detection targets using Kalman filters. In the
technology of the related art, if a plurality of detection
targets with overlapping images are detected in a moving
image, tracking error occurs or the tracking accuracy is
lowered. In the present embodiment, the processor 23 can
avoid such problems by associating one or more Kalman
filters to each of a plurality of detection targets. The pro-
cessor 23 manages observed values, Kalman filters, and
identification information (hereinafter “tracked object 1D”)
unique to each tracked object in layers (tiers). The processor
23 determines whether tracked objects are the same object
(same detection target) and executes a process of associating
the observed values, Kalman filters, and tracked object 1Ds.
Thus, the accuracy of tracking a plurality of detection targets
can be improved further.

[0035] The processor 23 is configured to impose a limit on
a range of variation in an index of the Kalman filters that
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influences tracking of the detection target. In the present
embodiment, the processor 23 imposes an upper limit and/or
alower limit on an index including at least one selected from
the group consisting of the Mahalanobis distance used to
associate Kalman filters with an observed value, the radius
of a grouping area used to associate Kalman filters with a
detection target, and the size of the error ellipse of a Kalman
filter. Appropriately limiting the range of variation in an
index of the Kalman filters enables consistent tracking that
is resistant to intermittent loss of association with a detection
target and observed value. Details of the processing to be
performed by the processor 23 will be described later. Like
the processor 13 of the imaging device 10, the processor 23
may include a plurality of processors Like the processor 13,
the processor 23 may be a combination of multiple types of
devices.

[0036] The output interface 24 is configured to output an
output signal from the object tracking device 20. The output
interface 24 may also be referred to as an outputter. The
output interface 24 may output a detection result regarding
a detection target. The detection result may be the coordi-
nates of the point mass 45, for example.

[0037] The output interface 24 may include a physical
connector and a wireless communicator. The output inter-
face 24 may be connected to a CAN or other network of the
vehicle 100, for example. The output interface 24 may be
connected to the display 30, a control device and alarm
device of the vehicle 100, and the like through a CAN or
other communication network. Information outputted from
the output interface 24 may be used, as appropriate, by each
of the display 30, the control device, and the alarm device.
[0038] The display 30 may display a moving image out-
putted from the object tracking device 20. The display 30
may receive, from the object tracking device 20, the coor-
dinates of the point mass 45 representing the position of the
image of an object. In this case, the display 30 may have a
function for generating an image element (for example, a
warning to be displayed together with an approaching
object) in accordance with the received coordinates, and
overlaying the generated image element onto the moving
image. Any of various types of devices may be adopted as
the display 30. For example, a liquid crystal display (LCD),
an organic electro-luminescence (EL) display, an inorganic
EL display, a plasma display panel (PDP), a field emission
display (FED), an electrophoretic display, or a twisting ball
display may be adopted as the display 30.

[0039] The flowchart in FIG. 3 will be referenced to
describe an object tracking method executed by the object
tracking device 20. The object tracking device 20 may be
configured to implement the processing performed by the
processor 23 described below by loading a program
recorded on a non-transitory computer-readable medium.
The non-transitory computer-readable medium includes, but
is not limited to, a magnetic storage medium, an optical
storage medium, a magneto-optical storage medium, and a
semiconductor storage medium. The magnetic storage
medium includes a magnetic disk, a hard disk, and magnetic
tape. The optical storage medium includes a CD, DVD, BD,
and other optical discs. The semiconductor storage medium
includes read-only memory (ROM), electrically erasable
programmable read-only memory (EEPROM), and flash
memory.

[0040] The flowchart in FIG. 3 illustrates a process
executed by the processor 23 to acquire sequential frames of
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a moving image. The processor 23 of the object tracking
device 20 follows the flowchart in FIG. 3 to track (perform
tracking of) the position of an object image 42 (see FIG. 4)
every time a frame of a moving image is acquired. As
illustrated in FIG. 2, a plurality of objects 40 may exist as
detection targets. The plurality of objects 40 may include a
pedestrian 40 A, an automobile 40B, and a bicycle 40C. The
object 40 is not limited to moving objects and people. The
object 40 may include any of various target objects, such as
an obstruction on a road. The following object tracking
method is described using one of the plurality of objects 40
(specifically, the pedestrian 40A) included in a moving
image captured by the imaging device 10 installed at the rear
of'the vehicle 100. Each of the other objects 40 (for example,
the automobile 40B and the bicycle 40C) is tracked by a
same and/or similar process.

[0041] The processor 23 acquires each frame of a moving
image from the imaging device 10 through the input inter-
face 21 (step S101). FIG. 4 illustrates an example of a single
frame of a moving image. In the example in FIG. 4, an image
(object image 42) of the object 40 behind the vehicle 100 is
displayed in a two-dimensional image space 41 defined by
a uv coordinate system. The u coordinate represents the
horizontal direction of the image. The v coordinate repre-
sents the vertical direction of the image. In FIG. 4, the origin
of the uv coordinate system is the point at the upper-left
corner of the image space 41. The direction going from left
to right is defined to be the positive direction of the u
coordinate. The direction going from top to bottom is
defined to be the positive direction of the v coordinate.
[0042] The processor 23 uses image recognize to recog-
nize the object image 42 from each frame of the moving
image (step S102). The method of recognizing the object
image 42 includes any of various known methods. For
example, the method of recognizing the object image 42
includes a method based on recognizing the shapes of
objects such as cars and people, a method based on template
matching, a method of calculating features from an image
and using the features for matching, or the like. Features can
be calculated by using a function approximator that can be
trained to learn input-output relationships. As an example, a
neural network can be used as the function approximator
that can be trained to learn input-output relationships.
[0043] The processor 23 maps the coordinates (u, v) of the
object image 42 in the image space 41 to coordinates (X', y')
of the object in the virtual space 46 (see FIG. 6) (step S103).
Generally, two-dimensional coordinates (u, v) in the image
space 41 cannot be converted to coordinates (X, y, z) in the
real space. However, by specifying the height of the real
space and fixing the z coordinate to a predetermined value,
the coordinates (u, v) in the image space 41 can be mapped
to the coordinates (x', y') in the two-dimensional virtual
space 46. The virtual space 46 corresponds to the coordi-
nates (X, y, z0) in the real space (z0 being the fixed value).
In the present embodiment, a two-dimensional virtual space
46 is defined, but depending on the input information (type
of sensor), a three-dimensional virtual space 46 may also be
defined.

[0044] As illustrated in FIG. 4, a representative point 43 is
specified. The representative point 43 is located in the center
of the lowest part of the object image 42. For example, the
representative point 43 can be set to the position in the image
space 41 which is located at the lowest v coordinate and at
the center of the range of u coordinates of the area occupied
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by the object image 42. The representative point 43 is
assumed to be the position where the object 40 correspond-
ing to the object image 42 contacts the road surface or
ground surface.

[0045] FIG. 5 illustrates the relationship between the
object 40 located in the three-dimensional real space and the
object image 42 in the two-dimensional image space 41. If
the internal parameters of the imaging device 10 are known,
the coordinates (u, v) of the image space 41 can be used as
a basis for calculating the direction from the center of the
imaging optical system 11 of the imaging device 10 to the
corresponding coordinates (X, y, z) in the real space. The
internal parameters of the imaging device 10 include infor-
mation on the focal length and distortion of the imaging
optical system 11, the pixel size of the image sensor 12, and
the like. In the real space, the point mass 45 of the object 40
is defined to be the point where a straight line in the direction
corresponding to the representative point 43 in the image
space 41 intersects a reference plane 44 at z=0. The refer-
ence plane 44 corresponds to the road surface or ground
surface on which the vehicle 100 is located. The point mass
45 has three-dimensional coordinates (X, y, 0). Conse-
quently, when the two-dimensional space at z=0 is the
virtual space 46, the coordinates of the point mass 45 can be
expressed as (X', y"). The coordinates (x', y') of the point
mass 45 in the virtual space 46 correspond to the coordinates
(%, y) of a specific point of the object 40 in the Xy plane (z=0)
when viewing the object 40 from the direction along the z
axis in the real space. The specific point corresponds to the
point mass 45.

[0046] As illustrated in FIG. 6, the processor 23 tracks the
position (X', y') and speed (vx', vy') of the point mass 45
mapped to the virtual space 46 from the representative point
43 of the object image 42 in the virtual space 46 (step S104).
Since the point mass 45 has information on position (X', y')
and speed (vx', vy'), the processor 23 can predict a range for
the position (x', y') of the point mass 45 in a sequential
frame. The processor 23 can recognize that a point mass 45
located within the predicted range in the next frame is the
point mass 45 that corresponds to the tracked object image
42. The processor 23 sequentially updates the position (X',
y") and speed (vX', vy") of the point mass 45 every time the
processor 23 receives the input of a new frame.

[0047] To track the point mass 45, estimation using Kal-
man filters based on a state-space model can be adopted, for
example. Prediction/estimation using Kalman filters
improves robustness against false negatives, false positives,
and the like of the object 40 to be detected. In general,
describing the object image 42 in the image space 41 with
an appropriate model describing motion is difficult. Thus,
simple and accurate position estimation for the object image
42 in the image space 41 has been difficult. In the object
tracking device 20 according to the present disclosure,
mapping the object image 42 to the point mass 45 in the real
space allows for the application of a model describing
motion in the real space, thereby improving tracking accu-
racy for the object image 42. Handling the object 40 as the
point mass 45 of negligible size allows for simple and easy
tracking.

[0048] Every time the processor 23 estimates a new posi-
tion of the point mass 45, the processor 23 may map the
coordinates of the point mass 45 in the virtual space 46 to
coordinates (u, v) in the image space 41 to indicate the
estimated position (step S105). The processor 23 can map
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the point mass 45 located at the coordinates (X', y') in the
virtual space 46 to the image space 41 as a point located at
the coordinates (%, y, 0) in the real space. The processor 23
can use a known method to map the coordinates (x, y, 0) in
the real space to the coordinates (u, v) in the image space 41
of'the imaging device 10. The processor 23 can convert back
and forth between the coordinates (u, v) in the image space
41, the coordinates (x', y') in the virtual space 46, and the
coordinates (X, y, 0) in the real space.

[0049] (Data Association)

[0050] FIG. 7 is a diagram for explaining data association.
Data association is a process of associating Kalman filters
with observed values. In data association, a plurality of
Kalman filters may be associated with a plurality of
observed values. An observed value is a position of a
detection target. The processor 23 assigns identifiers to
distinguish the plurality of observed values and the plurality
of Kalman filters. In the present embodiment, the processor
23 uses a serial number, for example, to identify each of the
plurality of observed values as observed value (1), observed
value (2), observed value (3), and so on. The processor 23
uses a symbol and a serial number, for example, to identify
each of the plurality of Kalman filters as KF (1), KF (2), KF
(3), and so on.

[0051] In the present embodiment, the processor 23 per-
forms data association between M observed values and N
Kalman filters. M is an integer equal to or greater than 2. N
is an integer equal to or greater than M. In the example in
FIG. 7, the processor 23 performs data association between
three observed values and 5 Kalman filters. Observed value
(1) is the position of the pedestrian 40A detected in frame (k)
of a moving image. Observed value (2) is the position of the
automobile 40B detected in frame (k) of the moving image.
Observed value (3) is the position of the bicycle 40C
detected in frame (k) of the moving image. Frame (k-1) is
the frame that is one before frame (k) in the moving image.
Frame (k-2) is the frame that is two before frame (k) in the
moving image. The current frame is assumed to be frame
(k).

[0052] KF (2)is used to track the pedestrian 40 A up to the
time of frame (k-1), but is initialized partway through, and
is not used to track the position of the detection target. KF
(5) is a Kalman filter that is newly prepared due to the new
recognition of the bicycle 40C in frame (k-2). Since the
newly recognized bicycle 40C is also recognized in the
current frame (k), KF (5) starts tracking the detection target.
The other Kalman filters each continue to track a detection
target from the time of frame (k-2).

[0053] In the example in FIG. 7, the processor 23 associ-
ates KF (1) with observed value (1). The processor 23
associates KF (3) and KF (4) with observed value (2). The
processor 23 associates KF (5) with observed value (3). As
with the example of the observed value (2), the processor 23
allows detection results to overlap in the process of tracking
a plurality of detection targets. That is, the processor 23 uses
KF (3) and KF (4) to predict ranges for the position of
observed value (2), namely the automobile 40B. Allowing
overlap in data association in this way enables local opti-
mization. For example, in methods that make one-to-one
associations between a plurality of observed values and a
plurality of Kalman filters without allowing overlap (the
Hungarian algorithm is one such example), a single misas-
sociation can create a chain reaction due to global optimi-
zation. The present embodiment allows overlap, and thus the
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problem of a chain reaction of misassociations does not
occur. The process of tracking involves associating one or
more Kalman filters with one observed value, thereby allow-
ing for improved robustness because tracking failure does
not occur readily for any of the observed values.

[0054] (Tracked Object ID Management)

[0055] A plurality of Kalman filters may be associated
with a single observed value as above, but a plurality of
observed values may also be associated with a single object
to be detected. As an example, consider the case in which the
detection target is the automobile 40B, which briefly disap-
pears from the moving image due to the lane change or the
like and then reappears in the moving image. In this case, a
new observed value may be associated as a separate object.
To track objects accurately, the object tracking device 20
preferably identifies each tracked object to ascertain the
associations between tracked objects and observed values.
In the present embodiment, the processor 23 executes
tracked object ID management using a hierarchical structure
as described below to group a plurality of Kalman filters and
determine whether the grouped plurality of Kalman filters
correspond to the same object.

[0056] FIG. 8 is a diagram illustrating a hierarchical
structure of tracked object ID management in the present
embodiment. Tracked object ID management is a process of
associating Kalman filters with detection targets. As illus-
trated in FIG. 8, the processor 23 manages observed values,
Kalman filters, and tracked object IDs in layers (tiers). By
associating observed values, Kalman filters, and tracked
object IDs, the processor 23 is capable of accurate object
tracking. As described above, a tracked object ID is identi-
fication information unique to each tracked object. If the
same tracked object ID is associated with a plurality of
observed values and a plurality of Kalman filters, the
observed values and Kalman filters relate to the tracking of
the same object.

[0057] The processor 23 groups a plurality of Kalman
filters upon acquiring a frame of a moving image. The
processor 23 updates the associations between the observed
values, Kalman filters, and tracked object IDs. In the
example in FIG. 8, the processor 23 groups KF (1), KF (2),
and KF (3) and assigns the identifier “tracked object ID (1)”
to an object to be tracked using these Kalman filters to
control the tracking of the object. The processor 23 groups
KF (4) and KF (5) and assigns the identifier “tracked object
1D (2)” to an object to be tracked using these Kalman filters
to controls the tracking of the object. The processor 23
controls tracking in a hierarchical structure that links the
Kalman filters corresponding to an object determined to be
the same and also links detection results regarding the
detection target corresponding to these Kalman filters. Thus,
the processor 23 is capable of accurate, error-free tracking.
The processor 23 can compare or select detection results
using a plurality of linked Kalman filters, for example, to
obtain a detection result with high level of confidence.
[0058] (Limit on Range of Variation in Index)

[0059] As above, a plurality of Kalman filters may be
associated with a single observed value, and a plurality of
Kalman filters may be associated with a single detection
target (detection target having a single tracked object ID).
Associating a plurality of Kalman filters can make tracking
resistant to failure, raise tracking accuracy, and improve
robustness. To ensure consistent tracking, the processor 23
can impose a limit on the range of variation in an index of
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the Kalman filters that influences tracking of the detection
target. As a specific example, limiting the range of variation
in an index involves imposing an upper limit and/or a lower
limit, and may be referred to as a clipping process. In the
present embodiment, the index includes at least one selected
from the group consisting of the Mahalanobis distance used
to associate Kalman filters with an observed value, the
radius of a grouping area used to associate Kalman filters
with a detection target, and the size of the error ellipse of a
Kalman filter. The following describes limiting the range of
variation in each of these indices.

[0060] The processor 23 may limit the range of variation
in an index in the above data association. In this case, the
index includes the Mahalanobis distance. The Mahalanobis
distance is a representation of data divergence. In the present
embodiment, the Mahalanobis distance represents the diver-
gence between the center of an error ellipse of a Kalman
filter and an observed value. The error ellipse of a Kalman
filter indicates the estimation range given by a probability
density distribution of position, and indicates that the posi-
tion has a certain probability (as one example, 99%) of being
located inside the ellipse. The processor 23 calculates the
error ellipse using, among other things, the standard devia-
tion in the x' direction and the standard deviation in the y'
direction of the two-dimensional virtual space 46 (see FIG.
6).

[0061] FIG. 9 is a diagram for explaining a limit on the
Mahalanobis distance. In the absence of a limit on the
Mahalanobis distance, an observed value contained in an
error ellipse is associated with the Kalman filter having that
error ellipse. If a plurality of observed values are contained
within the validation gate (boundary) of an error ellipse, the
observation with the smallest Mahalanobis distance from the
center of the error ellipse is selected and associated with the
Kalman filter having that error ellipse. As the process of
tracking a detection target progresses, the tracking accuracy
(the certainty of the predicted position) improves, and the
error ellipse decreases in size. On the other hand, measure-
ment error, noise effects, and the like in the imaging optical
system 11 may shift the position of an observed value from
the center of the error ellipse of the Kalman filter. Conse-
quently, in the absence of a limit on the Mahalanobis
distance, tracking may not continue if an error ellipse
decreases in size and an observed value is no longer con-
tained within the validation gate, like the example in FIG. 9.
In the present embodiment, the processor 23 imposes a
lower limit (see the dashed line in FIG. 9) on the Mahalano-
bis distance in data association. If the validation gate of the
error ellipse of a Kalman filter is on the inner side of the
lower limit of the Mahalanobis distance, the processor 23
uses the Mahalanobis distance at the lower limit to make an
association with an observed value. Thus, the association
between an observed value and a Kalman filter is not lost,
and tracking continues.

[0062] The lower limit (see the dashed line in FIG. 9) on
the Mahalanobis distance is used only to associate an
observed value and a Kalman filter in data association.
Position tracking (position prediction calculation) for a
detection target corresponding to an observed value uses the
original error ellipse (see the solid line in FIG. 9) for
calculation. In this way, tracking accuracy is not lowered.
[0063] The processor 23 may limit the range of variation
in an index in the above tracked object ID management. The
association between the same detection target and Kalman
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filters in tracked object ID management is performed by
clustering, such as density-based spatial clustering of appli-
cations with noise (DBSCAN), for example. If the centers of
the error ellipses for a plurality of Kalman filters are
contained in a grouping area of predetermined range, the
processor 23 determines that the Kalman filters belong to a
single group. The clustering algorithm is not limited to
DBSCAN. For example, clustering may be executed accord-
ing to another algorithm, such as k-means clustering, for
example.

[0064] FIGS. 10 and 11 are diagrams for explaining a limit
on a grouping area. In the examples in FIGS. 10 and 11, the
circle indicates the grouping area. The index to be limited in
the range of variation by the processor 23 includes the radius
(eps) of the grouping area. The processor 23 imposes an
upper limit and/or a lower limit on the radius (eps) of the
grouping area according to observation noise and/or the
distance to the detection target.

[0065] When a detection target is distant, the range of the
same detection target is susceptible to the influence of
observation noise. Observation noise is, for example, image
distortion due to the lens included in the imaging optical
system 11. When the detection target is distant, the processor
23 sets a large radius (eps) of the grouping area without
going over an upper limit, as in FIG. 11. The processor 23
imposes the upper limit on the basis of the distance depen-
dency of observation noise so that the range of the group of
Kalman filters to be associated with the same detection
target does not extend indefinitely. In the example in FIG.
11, three Kalman filters KF (p), KF (q), and KF (r) are
associated with the same detection target.

[0066] When a detection target is nearby, the range of the
same detection target is relatively resistant to the influence
of observation noise. When the detection target is nearby, the
processor 23 sets a small radius (eps) of the grouping area
without going under a lower limit, as in FIG. 10. The
processor 23 imposes the lower limit on the basis of the
distance dependency of observation noise so that the Kal-
man filters to be associated with the same detection target do
not become zero. In the example in FIG. 10, two Kalman
filters KF (p) and KF (r) are associated with the same
detection target. In other words, KF (q) is associated with a
different detection target. For example, when tracking an
approaching object, the processor 23 may gradually
decrease the radius (eps) of the grouping area in the range
from the upper limit to the lower limit. At this time, the
processor 23 can determine that what the processor 23
determined to be a single object at a distance (see FIG. 11)
is, at a closer distance, two or more objects in proximity (see
FIG. 10). As another example, the processor 23 may set the
radius of the grouping area variably depending only on the
influence of observation noise. For instance, the processor
23 may adjust the radius of the grouping area according to
a change in observation noise due to the imaging environ-
ment (the weather, as one example).

[0067] In this way, the processor 23 imposes an upper
limit and/or a lower limit imposed on the radius (eps) of the
grouping area according to observation noise and/or the
distance to the detection target. By varying the imposed
limit(s), the processor 23 can continue tracking with higher
accuracy.

[0068] The processor 23 may limit the range of variation
in an index so that the error ellipse does not become too
small relative to an output accuracy (guaranteed accuracy)

May 2, 2024

required for a detection result regarding a detection target.
The guaranteed accuracy may be set as a range of allowable
error, for example. As described in the limiting of the range
of variation in an index in data association above, as the
process of tracking a detection target progresses, the track-
ing accuracy (the certainty of the predicted position)
improves, and the error ellipse decreases in size. On the
other hand, tracking may not continue if an error ellipse
decreases in size and an observed value is no longer con-
tained within the validation gate.

[0069] FIG. 12 is a diagram for explaining a limit on the
size of an error ellipse according to the guaranteed accuracy.
In the example in FIG. 12, when going from frame (k-1) to
frame (k), the error ellipse of a Kalman filter becomes
smaller than the guaranteed accuracy. Consequently, per-
forming tracking computation using the error ellipse of the
Kalman filter in frame (k) will produce an over-engineered
result. The reduced size of the error ellipse of the Kalman
filter could also cause an observed value to fall outside the
validation gate. In the present embodiment, the index to be
limited in the range of variation by the processor 23 includes
the size of the error ellipse. The processor 23 imposes a
lower limit on the size of the error ellipse according to the
accuracy to be guaranteed for a detection result regarding a
detection target. That is, the processor 23 adjusts the error
ellipse of a Kalman filter so that the size of the error ellipse
does not fall below the guaranteed accuracy (see the solid
line in FIG. 12), and the association between an observed
value and a Kalman filter continues.

[0070] The processor 23 may limit the range of variation
in an index so that the size of an error ellipse is appropriate
according to the saturability of an observed value that
depends on the distance to a detection target. The saturability
of an observed value means that a limit exists on improve-
ment in the accuracy of the position of an observed value at
close range, and that no loss of accuracy occurs even if the
position is farther away.

[0071] FIG. 13 is a diagram for explaining a limit on the
size of an error ellipse according to saturability of detection
results. In the example in FIG. 13, the pedestrian 40A is
sufficiently close to the vehicle 100 equipped with the object
tracking device 20. Even if the error ellipse associated with
the observed value for the pedestrian 40A becomes smaller,
the detection accuracy will not improve, due to the satura-
bility of the observed value. In the example in FIG. 13, the
automobile 40B is sufficiently far from the vehicle 100
equipped with the object tracking device 20. Even if the
error ellipse associated with the observed value for the
automobile 40B becomes larger, the detection accuracy will
not change, due to the saturability of the observed value. In
the example in FIG. 13, the index to be limited in the range
of variation by the processor 23 includes the size of the error
ellipse. The processor 23 imposes an upper limit and/or a
lower limit according to the saturability of an observed value
that depends on the distance to a detection target. That is, in
the present embodiment, the processor 23 does not change
the size of an error ellipse in cases where changing the size
of' the error ellipse would not result in improved accuracy or
reduced accuracy. Thus, the processor 23 can maintain the
association between an observed value and a Kalman filter,
and continue tracking with high accuracy.

[0072] The processor 23 does not necessarily impose all of
the above limits on the range of variation in an index at the
same time. That is, the processor 23 may select or combine
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some of the above limits on the range of variation in an
index. The processor 23 may select only the Mahalanobis
distance as the index to be limited in the range of variation,
for example. The processor 23 may select the radius of the
grouping area and the size of an error ellipse according to the
saturability of an observed value as indices to be limited in
the range of variation, for example. In this case, the proces-
sor 23 may impose only a lower limit or only an upper limit
on the size of the error ellipse.

[0073] As above, with the above configuration, the object
tracking device 20 according to the present embodiment
allows detection results to overlap in the process of tracking
a plurality of detection targets. Thus, the object tracking
device 20 can track a plurality of objects accurately, without
creating a chain reaction of misassociations. The object
tracking device 20 according to the present embodiment also
limits the range of variation in an index. Thus, the object
tracking device 20 can track an object accurately and con-
sistently.

[0074] An embodiment according to the present disclosure
has been described on the basis of the drawings and
examples, but note that it would be easy for a person skilled
in the art to make various variations or revisions on the basis
of the present disclosure. Consequently, it should be under-
stood that these variations or revisions are included in the
scope of the present disclosure. For example, the functions
and the like included in each component, each step, and the
like may be rearranged in logically non-contradictory ways,
and it is possible to combine a plurality of components,
steps, or the like into one or divide a component, step, or the
like. Embodiments of the present disclosure have been
described mainly in terms of a device, but an embodiment of
the present disclosure may also be implemented as a method
including steps to be executed by each component of a
device. An embodiment of the present disclosure may also
be implemented as a method or program to be executed by
a processor provided in a device, or as a storage medium on
which the program is recorded. It should be understood that
these embodiments are also included in the scope of the
present disclosure. In one example, the steps of a process to
be executed by the processor 23 are included in the object
tracking method in FIG. 3, thereby also achieving the
limiting of the range of variation in an index as a method.
[0075] In the above embodiment, the object tracking sys-
tem 1 includes the imaging device 10, the object tracking
device 20, and the display 30, but the object tracking system
1 may include a device integrating at least two of the above
devices. For example, the imaging device 10 may include
the functions of the object tracking device 20. In this case,
the imaging device 10 may include the storage 22 and the
output interface 24 in addition to the imaging optical system
11, the image sensor 12, and the processor 13. The processor
13 may execute the processing performed by the processor
23 in the above embodiment on a moving image outputted
by the imaging device 10. Such a configuration may be used
to achieve an imaging device 10 that executes object track-
ing.

[0076] The “moving bodies” in the present disclosure
include vehicles, marine vessels, and aircraft. “Vehicles” in
the present disclosure include, but are not limited to, auto-
mobiles and industrial vehicles, and may include railway
cars, lifestyle vehicles, and fixed-wing aircraft that travel on
a runway. Automobiles include, but are not limited to,
passenger cars, trucks, buses, motorcycles, and trolleybuses,
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and may include other vehicles that travel on roads. Indus-
trial vehicles include industrial vehicles for agriculture and
construction. Industrial vehicles include, but are not limited
to, forklifts and golf carts. Industrial vehicles for agriculture
include, but are not limited to, tractors, cultivators, trans-
planters, binders, combines, and lawn mowers. Industrial
vehicles for construction include, but are not limited to,
bulldozers, scrapers, excavators, cranes, dump trucks, and
road rollers. Vehicles includes human-powered vehicles.
The types of vehicles are not limited to the types given
above. For example, automobiles may include industrial
vehicles that can travel on roads, and the same vehicle may
be included in multiple types. Marine vessels in the present
disclosure include marine jets, boats, and tankers. Aircraft in
the present disclosure include fixed-wing and rotary-wing
aircraft.

REFERENCE SIGNS

[0077] 1 object tracking system
[0078] 10 imaging device
[0079] 11 imaging optical system
[0080] 12 image sensor

[0081] 13 processor

[0082] 20 object tracking device
[0083] 21 input interface
[0084] 22 storage

[0085] 23 processor

[0086] 24 output interface
[0087] 30 display

[0088] 40 object

[0089] 40A pedestrian

[0090] 40B automobile

[0091] 40C bicycle

[0092] 41 image space

[0093] 42 object image

[0094] 43 representative point
[0095] 44 reference plane
[0096] 45 point mass

[0097] 46 virtual space

[0098] 100 vehicle

1. An object tracking device comprising:

an input interface configured to acquire sensor data,

a processor configured to

detect a detection target from the sensor data,

track the detection target using Kalman filters associ-
ated with each of the detection target and an
observed value, and

impose a limit on a range of variation in an index of the
Kalman filters that influences tracking of the detec-
tion target; and

an output interface configured to output a detection result

regarding the detection target.

2. The object tracking device according to claim 1,
wherein the index includes at least one selected from the
group consisting of a Mahalanobis distance used to associate
the Kalman filters with the observed value, a radius of a
grouping area used to associate the Kalman filters with the
detection target, and a size of an error ellipse of the Kalman
filters.

3. The object tracking device according to claim 2,
wherein

the index includes the Mahalanobis distance, and

the processor is configured to impose a lower limit on the

Mahalanobis distance.
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4. The object tracking device according to claim 2,
wherein
the index includes the radius of the grouping area, and
the processor is configured to impose an upper limit
and/or a lower limit on the radius of the grouping area
according to observation noise and/or a distance to the
detection target.
5. The object tracking device according to claim 2,
wherein
the index includes the size of the error ellipse, and
the processor is configured to impose a lower limit on the
size of the error ellipse according to an accuracy to be
guaranteed for the detection result regarding the detec-
tion target.
6. The object tracking device according to claim 2,
wherein
the index includes the size of the error ellipse, and
the processor is configured to impose an upper limit
and/or a lower limit according to a saturability of the
observed value that depends on a distance to the
detection target.

#* #* #* #* #*
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