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(57) Provided are a distance estimating method and
a distance estimating device with monocular motion ster-
eo that allow simple estimation of a distance to an object
in captured images. The distance estimating device
mounted on a vehicle includes a camera capturing im-
ages, an image storage storing the captured images, an

optical flow calculating unit calculating an optical flow
from an image center based on the images, a speed sen-
sor measuring a vehicle speed, and a distance estimator
estimating a distance to the object appearing in the im-
ages in accordance with the optical flow from the image
center and the vehicle speed.
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Description

Technical field

[0001] The present invention relates to a distance estimating method with monocular motion stereo and a distance
estimating device with monocular motion stereo for estimating a distance based on a plurality of images captured with
a monocular camera.

Background Art

[0002] Systems for recognizing vehicle surroundings three-dimensionally have been developed formerly to yield an
anti-collision device for drive assist and active safety of a four-wheeled motor vehicle. Examples of a method for detecting
the vehicle surroundings include one using an active sensor such as a millimeter wave radar and a laser radar, and one
using a passive sensor such as a stereo camera and a monocular camera. The active sensor obtains distance accuracy
and stable output regardless of an environment of a light source. On the other hand, the active sensor has a low space
resolution relative to its expensiveness.
[0003] In contrast to this, the passive sensor is often superior in point of its space resolution and price. When a camera,
a typical sensor, is used, a stereo camera is generally adopted that uses two or more camera for a three-dimensional
reconstruction method. However, the stereo camera requires a plurality of cameras (e.g., lenses and image sensors).
In addition, the cameras have to be fixed with a sturdy casing. This is likely to cause an expensive sensor. Moreover, a
long distance between the adjacent cameras is required for securing distance accuracy. This leads to an increase in
size of an imaging part itself. Such drawbacks exist.
[0004] On the other hand, various types of stereo methods with a monocular camera have been studied. A single
camera allows the three-dimensional reconstruction when the camera captures images successively while moving to
recognize relative positions of the camera. Such a method is often referred to as monocular stereo, motion stereo, or
structure from motion (SfM) in general. Here in the present invention, a designation of monocular motion stereo is
adopted. The monocular motion stereo is achieved by estimating relative positional information of the camera having
moved as time elapses with a certain method. See Patent Literature 1: Japanese Patent No. 4943034B.

(1) Technique of Patent Literature 1

[0005] Patent Literature 1 discloses a monocular motion stereo device. The monocular motion stereo device extracts
feature points of successive images, and selects a corresponding point with a high degree of reliability from the extracted
feature points by an epipolar error. In addition, the monocular motion stereo device calculates a basic matrix (i.e., a
matrix representing relative positions of the camera) with high accuracy.

[Patent Literature]

[0006] Patent Literature 1 Japanese Patent No. 4943034B

Summary of Invention

Technical Problem

[0007] However, the technique in Patent Literature 1 requires extremely long time to extract and select the feature
points, and calculate the basic matrix repeatedly. Accordingly, a low specification CPU for automobiles cannot process
in short time. Such a drawback may arise.
[0008] The present invention has been made regarding the state of the art noted above, and its one of objects is to
provide a distance estimating method with monocular motion stereo and a distance estimating device with monocular
motion stereo using the method for simple estimation of a distance to an object in a captured image.

Solution to Problem

[0009] The present invention is constituted as stated below to achieve the above object. A first aspect of the present
invention provides a method of estimating a distance from a moving object with monocular motion stereo. The method
includes a capturing step of capturing images, an optical flow calculating step of calculating an optical flow from an image
center based on the images captured sequentially, a speed measuring step of measuring a speed of the moving object,
and a distance estimating step of estimating a distance to an object appearing in the images in accordance with the
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optical flow from the image center and the speed.
[0010] With the first aspect of the present invention, a region in front of the moving object is captured in the capturing
step. In the optical flow calculating step, the optical flow from the image center is calculated based on the images captured
sequentially. In addition, in the speed measuring step, the speed of the moving object is detected. In the distance
estimating step, the distance to the object appearing in the image is estimated in accordance with the optical flow from
the image center and the speed of the moving object.
[0011] Calculating the optical flow from the image center based on the images captured sequentially yields limitation
in direction of the optical flow only outward from the image center. This allows elimination of calculating the optical flows
in vertical and horizontal directions from every pixel over the images. Accordingly, computing load for distance estimation
significantly decreases. As a result, this allows simple estimation of the distance to the object appearing in the captured
images.
[0012] Moreover, it is preferred that the optical flow calculating step includes an image scale-up step of scaling up
one of the images captured in a previous frame, and a matching step of matching the scale-up image to another one of
the images in a current frame, and the optical flow is calculated in accordance with an image scale factor of a matched
scale-up image.
[0013] In the image scale-up step, the image captured in the previous frame is scaled up. Then, in the matching step,
the scaled-up image is matched to the image in the current frame, and selects a scaled-up image matched most closely
to that in the current frame. Then, the optical flow is calculated in accordance with the image scale factor of the selected
scale-up image. This allows significant reduction in computing load upon estimating the distance.
[0014] Moreover, it is preferred that the method further includes a capturing-unit moving-amount estimating step of
estimating a moving amount of a capturing unit capturing the images, and an image correcting step of correcting each
of the images in accordance with the moving amount of the capturing unit so as for a vanishing point to be located in
the image center. It is also preferred that the optical flow calculating step includes calculating the optical flow from the
image center based on the captured images and a corrected image.
[0015] In the capturing-unit moving-amount estimating step, the moving amount of the capturing unit capturing the
images is estimated. Accordingly, the moving amount of the camera moving in accordance with track conditions can be
estimated. In the image correcting step, the image is corrected in accordance with the estimated moving amount of the
capturing unit so as for the vanishing point to be located in the image center. As a result, the vanishing point is located
at the image center even when the vanishing point is shifted from the image center depending on the track conditions.
This yields calculation of the optical flow from the image center in the optical flow calculation step based on the captured
images and the corrected image, achieving reduction in computing load for estimating the distance regardless of the
track conditions.
[0016] It is also preferred that the method further includes a specific-region optical-flow calculating step of calculating
an optical flow from a specific region based on the captured images, and the capturing-unit moving-amount estimating
step includes estimating the moving amount of the capturing unit in accordance with the optical flow from the specific
region.
[0017] In the specific-region optical-flow calculating step, the optical flow from the specific region based on the captured
images is calculated. In addition, in the capturing-unit moving-amount estimating step, the moving amount of the capturing
unit is estimated from the optical flow from the specific region. The moving amount of the capturing unit can be estimated
from only the captured images. This avoids high costs and thus yields ready application to an existing moving object.
[0018] A second aspect of the present invention provides a distance estimating device with monocular motion stereo
that is mounted on a moving object. The device includes a capturing unit capturing images, an image storage storing
the captured images, an optical flow calculating unit calculating an optical flow from an image center based on the
images, a speed sensor measuring a speed of the moving object, and a distance estimator estimating a distance to an
object appearing in the images in accordance with the optical flow from the image center and the speed.
[0019] With the second aspect of the present invention, the capturing unit captures a region in front of the capturing
unit. The image storage stores the captured image sequentially. The optical flow calculating unit calculates the optical
flow from the image center based on the images captured sequentially. The speed sensor measures the speed of the
moving object. The distance estimator estimates the distance to the object appearing in the images in accordance with
the optical flow from the image center and the measured speed of the moving object.
[0020] Calculating the optical flow from the image center based on the images captured sequentially yields limitation
in direction of the optical flow only outward from the image center. This allows elimination of calculating the optical flows
in vertical and horizontal directions from every pixel over the images. Accordingly, computing load for distance estimation
significantly decreases. As a result, this allows simple estimation of the distance to the object appearing in the captured
images.
[0021] It is also preferred that the optical flow calculating unit includes an image scale-up unit scaling up one of the
images captured in a previous frame, and a matching unit matching the scale-up image to another one of the images
in a current frame, and the optical flow is calculated in accordance with an image scale factor of a matched scale-up image.
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[0022] The image scale-up unit scales up the image captured in the previous frame. The matching unit matches the
scale-up image to the image in the current frame, and selects a scaled-up image matched most closely to that in the
current frame. Then, the optical flow is calculated in accordance with the image scale factor of the selected scale-up
image. This allows significant reduction in computing load upon estimating the distance.
[0023] It is also preferred that the device further includes a capturing-unit moving-amount estimator estimating a
moving amount of the capturing unit, and an image corrector correcting each of the images in accordance with the
moving amount of the capturing unit so as for a vanishing point to be located at the image center. It is also preferred
that the optical flow calculating unit calculates the optical flow from the image center based on the captured images and
a corrected image.
[0024] The capturing-unit moving-amount estimator estimates the moving amount of the capturing unit capturing the
images. Accordingly, the moving amount of the camera moving depending on the track conditions can be estimated.
The image corrector corrects the image in accordance with the estimated moving amount of the capturing unit so as for
the vanishing point to be located in the image center. As a result, the image is corrected so as for the vanishing point
to be located at the image center even when the vanishing point is shifted from the image center depending on the track
conditions. This yields calculation of the optical flow from the image center based on the captured images and the
corrected image. Accordingly, calculation of the optical flows in vertical and horizontal directions from every pixel over
the images can be eliminated, leading to significant reduction in computing load for estimating the distance. In addition,
the reduction in computing load for estimating the distance is obtainable regardless of the track conditions.
[0025] It is also preferred that the device further includes a specific-region optical-flow calculating unit calculating an
optical flow from a specific region based on the captured images, and that the capturing-unit moving-amount estimator
estimates the moving amount of the capturing unit in accordance with the optical flow from the specific region.
[0026] The specific-region optical-flow calculating unit calculates the optical flow from the specific region based on
the captured images. The capturing-unit moving-amount estimator estimates the moving amount of the capturing unit
in accordance with the optical flow from the specific region. The moving amount of the capturing unit can be estimated
from only the captured images. This avoids high costs and thus yields ready application to an existing moving object.
[0027] It is also preferred that the device further includes a specific-region optical-flow calculating unit calculating the
optical flow from the specific region based on the captured images, and a sensor detecting movement of the moving
object or the capturing unit. It is also preferred that the capturing-unit moving-amount estimator estimates the moving
amount in accordance with a detection value of the sensor and the optical flow from the specific region.
[0028] The specific-region optical-flow calculating unit calculates the optical flow from the specific region based on
the captured images. Beside this, the sensor is provided for detecting the movement of the moving object or the capturing
unit. Accordingly, the sensor can directly detect the movement of the moving object or the capturing unit. The capturing-
unit moving-amount estimator estimates the moving amount in accordance with the detection value of the sensor and
the optical flow from the specific region. This results in accurate estimation of the moving amount of the capturing unit,
yielding enhanced accuracy in estimating the distance to the object appearing in the captured images.
[0029] It is also preferred that the device includes a sensor detecting movement of the moving object or the capturing
unit, and the capturing-unit moving-amount estimator estimates the moving amount of the capturing unit in accordance
with a detection value of the sensor. Such a configuration with the sensor that detects the movement of the moving
object or the capturing unit allows direct detection of the movement of the moving object or the capturing unit with the
sensor. The capturing-unit moving-amount estimator estimates the moving amount of the capturing unit in accordance
with the detection value with the sensor. This allows reduction in computing load for image processing, leading to more
rapid estimation of the distance.
[0030] It is also preferred that the specific region is the image center. The specific region as the image center allows
ready calculation of the optical flow from the specific region.
[0031] It is also preferred that the specific region is a midpoint on a lower end of each of the images. The specific
region as the midpoint of the lower end of each of the images allows ready calculation of the optical flow from the specific
region.
[0032] It is also preferred that the sensor is a gyro sensor or an acceleration sensor. Using the gyro sensor or the
acceleration sensor yields appropriate detection of the movement of the moving object or the capturing unit.
[0033] Moreover, the sensor is a steering angle sensor detecting a steering angle of the moving object. The capturing-
unit moving-amount estimator estimates the moving amount of the capturing unit in accordance with the steering angle
detected with the steering angle sensor, the speed detected with the speed sensor, and the optical flow from the specific
region. Such is adoptable. When the steering angle sensor is used for the moving object, no additional sensor is required.
This avoids high costs, and thus yields ready estimation of the moving amount of the capturing unit.

Advantageous Effects of Invention

[0034] The aspects of the present invention can provide a distance estimating method with monocular motion stereo
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and a distance estimating device with monocular motion stereo with the method for simple estimation of a distance to
an object appearing in captured images.

Brief Description of Drawings

[0035]

Figure 1 illustrates an image in a current frame according to one embodiment of the present invention.
Figure 2 illustrates an image in a previous frame according to the embodiment.
Figure 3 illustrates a relationship between a monocular camera and axes.
Figure 4 illustrates a relationship between the camera and an imaging plane.
Figure 5 illustrates optical flows from an image center.
Figure 6 is a side view of a vehicle according to the embodiment.
Figure 7 is a block diagram of a distance estimating device according to Embodiment 1 of the present invention.
Figure 8 illustrates calculation of the optical flows from the image center according to Embodiment 1.
Figure 9 is a flow chart of distance estimation according to Embodiment 1.
Figure 10 is a block diagram of a distance estimating device according to Embodiment 2 of the present invention.
Figure 11 is a flow chart of distance estimation according to Embodiment 2.
Figure 12 illustrates a specific region according to Embodiment 3 of the present invention.
Figure 13 is a block diagram of a distance estimating device according to Embodiment 4 of the present invention.
Figure 14 is a flow chart of distance estimation according to Embodiment 4.
Figure 15 is a block diagram of a distance estimating device according to one modification of the present invention.

Embodiment 1

1. Theoretical Explanation of Embodiment 1

[0036] The following firstly describes one embodiment of the present invention theoretically.

1.1 Optical Flow

[0037] An optical flow is to be described with reference to Figures 1 and 2. Figure 1 illustrates an image in a current
frame. Figure 2 illustrates an image in a previous frame. Here, an optical flow corresponds to a vector representing a
moving amount of a point between images temporally adjacent to each other. For instance, an optical flow is determined
from an image A (see Figure 1) in the current frame and an image B (see Figure 2) in the previous frame captured prior
to the image A by firstly searching a point in the image B from which a point in the image A has been shifted. Here, the
images each have a V-axis upward thereof, and a U-axis rightward thereof. In addition, the images each have the center
for an origin point of the U-axis and the V-axis.
[0038] It is assumed that a point P has been shifted from a position in the image B to a position in the image A, as
illustrated in Figure 1. The position of the point P in the image B has a coordinate (u-Δu, v-Δv), whereas the position of
the point P in the image A has a coordinate (u, v). Accordingly, a vector (Δu, Δv), a difference in position between the
point P in the image A and the point P in the image B, corresponds to an optical flow at the point (u, v) in the image A.
In other words, the point (u, v) in the image A is an end point of the optical flow. The point (u-Δu, v-Δv) in the image A,
corresponding to the point (u-Δu, v-Δv) in the image B, is a start point of the optical flow.

1.2. Monocular Motion Stereo

[0039] The following describes monocular motion stereo. The monocular motion stereo corresponds to estimation of
a moving amount of a camera (hereinafter, referred to as a camera motion parameter) in accordance with the optical
flow between the images A and B and estimation of a distance to an object appearing in the images. Consequently, the
monocular motion stereo requires a relationship among the optical flow between the images A and B, the camera motion
parameter, and the distance to the object. Here, the camera motion parameter corresponds to the capturing-unit moving
amount in the present invention.
[0040] Supposed the object captured by the camera remains at rest. A typical pin-hole camera as in Figure 3 adopts
a model with a camera and an imaging plane in Figure 4, for example. It is assumed that an X-axis and a Y-axis of a
camera coordinate are parallel to the U-axis and the V-axis in the captured image, respectively, and that the center of
the captured image corresponds to a position of a camera coordinate (0, 0, f). See Figure 4. Here, a focus distance of
the camera is denoted by a numeral f. Moreover, a virtual imaging plane PL is a virtual plane on which the captured
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image is assumed to be located in a camera coordinate system.
[0041] Figure 3 illustrates a camera motion parameter with six degrees of freedom. That is, the parameter consists of
three degrees of freedom for rotary moving amount (ωx, ωy, ωz) and three degrees of freedom for translation moving
amount (tx, ty, tz). The rotary moving amount is an angular variation in unit time. The translation moving amount is a
distance variation in unit time. The following relationship is known among the camera motion parameter (ωx, ωy, ωz),
(tx, ty, tz), and a distance z to the object captured with the camera, a point (u, v) in the image, and an optical flow (Δu,
Δv) at the point.
Formula 1 

Formula 2 

[0042] The camera motion parameter is estimated from the optical flow using the above formulae (1) and (2). The
camera motion parameter can be simplified when a vehicle moves linearly. The camera motion parameter for the vehicle
moving linearly is expressed by the following formula since the camera is monocular:
Formula 3 

Formula 4 

[0043] Substitution of the formulae (3) and (4) to the formulae (1) and (2) obtains the following formulae:
Formula 5 

Formula 6 

[0044] Raising both sides of the formulae (5) and (6) to the second power and adding them gives the following formula:
Formula 7 
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[0045] Here, a distance w from the image center is expressed by w2 = u2+v2. Accordingly, the formula (7) is represented
as follows using the formulae (5) and (6):
Formula 8 

[0046] The formula (8) expresses that a distance z can be estimated from an optical flow Δw extending radially from
the image center (see Figure 5) and a vehicle speed tz. The above calculation yields theoretical explanation of estimating
the distance z. Figure 5 illustrates an image also having the start point of the optical flows in the image B indicated on
the image A. In other words, Figure 5 illustrates a vector set of the optical flows. A point at which the optical flows Δw
converge toward the start point corresponds to a vanishing point. That is, the vanishing point is a point at which lines
that the optical flows Δw extend toward the start point cross one another. In Figure 5, the vanishing point Po conforms
to the image center.

2. Vehicle of Embodiment 1

[0047] Embodiment 1 implementing the above theory is to be described with reference to drawings. Figure 6 is a side
view of a vehicle 1 according to Embodiment 1. Embodiment 1 describes a four-wheeled vehicle 1 as one example of
the moving object in the present invention. The vehicle 1 is not limited to a passenger car. For instance, examples of
the vehicle 1 include an unmanned guided vehicle that travels in a factory or an orchard, and a golf cart. The vehicle 1
corresponds to the moving object in the present invention. In addition, the moving object is not limited to the four-wheeled
vehicle. Alternatively, the moving object may be a two-wheeled vehicle or a three-wheeled vehicle, and may be of a
monorail type.
[0048] The vehicle 1 is provided with a monocular camera 3 in the middle of a vehicle width direction. The vehicle 1
further includes a distance estimating device 5 estimating a distance to an object in front of the vehicle 1, a vehicle speed
sensor 9 detecting a vehicle speed of the vehicle 1, and a monitor 10 displaying information on the estimated distance.
The vehicle speed sensor 9 is, for example, a wheel speed sensor detecting a vehicle speed from a rotation speed of
a wheel 7. Hereinunder, the terms front and rear as well as right and left are relative to a direction where the vehicle 1
travels ahead.

3. Distance Estimating Device in Embodiment 1

[0049] The following describes the distance estimating device 5 of the vehicle 1 with reference to Figure 7. Figure 7
is a block diagram of the distance estimating device.
[0050] The distance estimating device 5 includes a camera 3 capturing images in front of the vehicle 1, an image
storage 11 storing the images captured by the camera 3 temporarily, an optical flow calculating unit 13 calculating optical
flows from an image center, a distance estimator 15 estimating distance information for each pixel in accordance with
the optical flows from the image center, and a vehicle speed sensor 9 detecting a vehicle speed of the vehicle 1. The
optical flow calculating unit 13 and the distance estimator 15 are each formed by a microprocessor or an FPGA (Field
Programmable Gate Array). The following describes each of the above components in turn.
[0051] The camera 3 is formed by a monocular camera. Moreover, the camera 3 is a common visual sensor such as
a CCD or a CMOS. The camera 3 has an optical axis directed to a travelling direction of the vehicle 1. Accordingly, the
center of the image captured by the camera 3 is directed to the travelling direction of the vehicle 1. When the optical
axis of the camera 3 is not directed to the travelling direction of the vehicle 1, a deviation of the optical axis from the
travelling direction of the vehicle is measured in advance to confirm a position of a vanishing point in the image when
the vehicle 1 travels linearly on a planar track. Then camera calibration is performed as image correction to shift the
image of the camera 3 entirely in parallel such that the vanishing point is located at the image center when the vehicle
1 travels linearly on the planar track. As noted above, when the optical axis of the camera 3 is not directed to the travelling
direction of the vehicle 1, a camera calibration unit performing the camera calibration is required prior to implementation
of the monocular motion stereo.
[0052] The image storage 11 stores the images captured by the camera 3 temporarily along with frames. The stored
images are each outputted to an image scale-up unit 21. The image storage 11 is composed of a memory, a flash
memory, a hard disk (HDD), and the like.
[0053] The optical flow calculating unit 13 calculates the optical flow from the image center based on the image A in
the current frame from the camera 3 and the image B in the previous frame from the image storage 11. The optical flow
calculating unit 13 includes the image scale-up unit 21 scaling up the image B in the previous frame, and a matching
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unit 23 matching the scale-up image B to the image A in the current frame. The following describes how the optical flow
from the image center is calculated.
[0054] With the currently-used optical flow calculation, the optical flows in the vertical and horizontal directions in the
image, i.e., the U-and V-directions, have to be determined. On the other hand, limitation of the optical flows from only
the image center yields direct calculation of Δw. That is, Δw can be determined without calculating Δu and Δv. This allows
significant reduction in computing load.
[0055] As illustrated in Figure 8, the image scale-up unit 21 scales up the image B in the previous frame by a factor
of (1+a), (1+b), ..., and (1+n) in turn. Here, a relationship of a <b <... <n holds. Figure 8 illustrates how to calculate the
optical flows from the image center. Values of a, b, ..., and n may increase by 0.1, i.e., the values may be 0.1, 0.2, ....
An increased rate of scale factor and the maximum scale factor may be determined depending on the vehicle speed
and a frame rate.
[0056] The matching unit 23 performs block matching the image B and the scale-up images Ba, Bb, ..., and Bn to the
image A with reference to the image center. Here, the block matching is a method for evaluating similarity between the
images with an evaluation function. Examples of the evaluation function include SAD (Sum of Absolute Difference), SSD
(Sum of Squares Difference), and image correlation. In Embodiment 1, similarity is evaluated for a matching window
size of (2M+1) x (2N+1) with SAD in the following formula.
Formula 9 

[0057] The matching unit 23 determines a scale factor of the image B when a value of SAD from the formula (9) at
every pixel in the image A is the minimum using the image B and the scale-up images relative to the image B. For
instance, it is assumed that a result is given that a point (u, v) in the image A matches most closely to a point (u, v) in
the image Ba of the images image Ba, ..., Bn obtained by scaling the image B by (1+a), ..., and (1+n), respectively. Since
the point (u, v) is actually shifted to the point (u(1+a), v(1+a)) in the image Ba, it is conceivable that the point (u, v) in the
image A is shifted to the point (u(1+a), v(1+a)) in the image Ba. That is, an optical flow (Δu, Δv) equals to (ua, va).
[0058] Here, w2=u2+v2. Accordingly, Δw=wa. From the above, the formula (8) leads to the following formula:
Formula 10 

[0059] The distance estimator 15 estimates the distance z to the object in accordance with the vehicle speed tz and
a scale factor (1+a) of the image from the formula (10). Specifically, information on the distance to the object, indicated
with the pixels, is obtainable from the scale factor of the each of the pixels in the image.

4. Distance Estimating Method according to Embodiment 1

[0060] The following describes estimation of the distance in Embodiment 1 with reference to Figure 9. Figure 9 is a
flow chart of procedures for estimating the distance.
[0061] The camera 3 on a front face of the vehicle 1 captures images in front of the vehicles 1 (step S01). The camera
3 captures the images successively in time sequence at frame intervals of 1/30 seconds, for example. The captured
images are stored in the image storage 11, and are transmitted to the matching unit 23.
[0062] In parallel with capture of the image A in the current frame, the image B in the previous frame stored in the
image storage 11 is transmitted to the image scale-up unit 21. The image scale-up unit 21 generates images Ba, Bb, ...,
and Bn obtained by scaling up the received image B at a plurality of powers (step S02). The scale-up images Ba, Bb, ...,
Bn as well as the image B are transmitted to the matching unit 23. The matching unit 23 performs block matching of the
image B in the previous frame and the scale-up images Ba, Bb, ..., Bn to the image A in the current frame on each pixel
(step S03). Accordingly, the optical flow from the image center is calculated. The calculated optical flow from the image
center is transmitted to the distance estimator 15. Here, the steps S02 and S03 correspond to the optical flow calculating
step in the present invention.
[0063] In addition, the vehicle speed sensor 9 detects the vehicle speed of the vehicle 1 (step S11) at the same timing
of capturing the images in the step S01. The detected vehicle speed is transmitted to the distance estimator 15. The
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distance estimator 15 estimates the distance z to the object, indicated on the pixel, in accordance with the vehicle speed
tz of the vehicle 1 detected by the vehicle speed sensor 9 and the optical flow Δw from the image center received from
the matching unit 23 (step S04). The estimated distance information is outputted to a monitor 10. The monitor 10 displays
the distance information in different colors for the distances to the object. The estimated distance information may be
used not only for display on the monitor 10 but for controlling travelling of the vehicle.
[0064] As noted above, with Embodiment 1, when the vehicle 1 travels linearly, the optical flow from the image center
can be calculated not by searching the optical flows in the vertical and horizontal directions of the captured image but
by matching the image previously captured to the scale-up image. The optical flow from the image center yields ready
estimation of the distance to the imaged object, leading to significant reduction in computing load. In addition, the
significant reduction in computing load achieves an increased frame rate upon image capturing. This allows estimation
of the distance to the object appearing in the image in a short time.

Embodiment 2

[0065] The following describes a distance estimating method and a distance estimating device when the vehicle 1
corners and moves upward/downward. Embodiment 2 has a characteristic to estimate a distance even when a vanishing
point is not located at the image center due to travelling of the vehicle depending on track conditions. In Embodiment
1, the camera motion parameter varies only in the tz-direction. In contrast to this, in Embodiment 2, the distance can be
estimated even when the parameter varies in a yaw direction and a pitch direction. This allows estimation of the distance
regardless of the track conditions.

5. Theoretical Explanation of Embodiment 2

[0066] The vehicle 1 travels upward and downward along an undulate road in the pitch direction, and the camera 3
turns at ωx rotation in the pitch direction. Moreover, the vehicle 1 corners, and then the camera 3 turns at ωy rotation in
the yaw direction. In such a case, the camera 3 has a motion parameter as in the following formula as transformation
of the formula (3):

[0067] The formulae (1) and (2) are each transformed as under with the formulae (3)’ and (4):
Formula 11 

Formula 12 

[0068] The optical flows in the entire image are calculated, and simultaneous equations (11) and (12) are solved,
whereby camera motion parameters ωx and ωy are determined. However, the method requires determination of the
optical flows in the entire image. This causes significantly increased computing load. Then, calculation of an optical flow
from a specific region, mentioned below, yields reduction in computing load and influence by a motion object appearing
in the image.
[0069] Embodiment 2 describes a case in which the image center is set as the specific region. The image center has
a coordinate of (u, v)=(0, 0). Accordingly, the formulae (11) and (12) each hold as under:
Formula 13 
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Formula 14 

[0070] Note that (Δu0, Δv0) denotes an optical flow at the image center. Consequently, a pitch component ωx and a
yaw component ωy of the camera motion parameter can be estimated directly from the optical flow at the center. The
optical flow at the center is calculated using block matching, which is similar to that in Embodiment 1. The SAD in the
formula (9) is used for an evaluation function in the block matching with 0.1-pixel resolution.
[0071] In the formula (9), IA denotes the image A, and IB denotes the image B. Accordingly, the SAD is minimized at
(Δu, Δv) which is the optical flow at the point (u, v). In Embodiment 2, components of (Δu, Δv) each have a sub-pixel
value of the tenth place. Then, an intensity value is referred from the sub-pixel value in the image B using an interpolate
method such as a bilinear form. As noted above, the optical flow from the specific region as the center is calculated,
whereby the camera motion parameter can be estimated.
[0072] On the other hand, although the camera motion parameters ωx and ωy are estimated, the optical flow at the
image center cannot be calculated in the same manner as that when the camera motion parameter is only for linear
movement in the tz direction. That is because no vanishing point is located at the image center when the pitch component
ωx and the yaw component ωy of the camera motion parameter are present. Then, image correction is performed so as
for the vanishing point to be located at the image center. Transformation of the formulae (11) and (12) give the following
formulae, respectively: Formula 15 

Formula 16 

[0073] The optical flow from the image center can be calculated from the formulae (15) and (16) in the same manner
as the linear camera motion parameter by correcting the image B in the previous frame with the estimated camera motion
parameters ωx and ωy. A given optical flow (Δu, Δv) is determined from a point (u-Δu, v-Δv) in the image B corresponding
to the point (u, v) in the image A. That is, the formula (15) expresses u on the right side as a point in the image A, and
u-Δu as a point in the image B. Accordingly, the point (u-Δu, v-Δv) in the image B is shifted by

 from the formulae (15) and (16) yields estimation of the

distance in the same manner as in Embodiment 1. Here, the image correction is equal to correction of the position of
the vanishing point shifted due to rotation of the camera 3 in the pitch and yaw directions toward the image center. The
above is theoretical explanation on estimating the distance according to Embodiment 2.
[0074] The following describes the distance estimating device for implementing the above theory with reference to
Figure 10. Figure 10 is a block diagram of the distance estimating device according to Embodiment 2. Note that the
configuration of the vehicle 1 and the distance estimating device 31 in Embodiment 2 other than the following is equal
to that of the vehicle 1 and the distance measuring device 5 in Embodiment 1.

6. Distance Estimating Device in Embodiment 2

[0075] The distance estimating device 31 in Embodiment 2 includes a function of correcting a shift of a vanishing point
caused by camera motion, which function being added to the distance estimating device 5 in Embodiment 1. The distance
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estimating device 31 in Embodiment 2 includes a specific-region optical-flow calculating unit 33, a camera-motion pa-
rameter estimator 35, and an image corrector 37 in addition to components of the distance estimating device 5 in
Embodiment 1. The specific-region optical-flow calculating unit 33, the camera-motion parameter estimator 35, and the
image corrector 37 are each formed by a microprocessor or an FPGA.
[0076] The camera 3 captures an image A in the current frame. The image A is stored in the image storage 11, and
is transmitted to the specific-region optical-flow calculating unit 33 and a matching unit 23’. The image storage 11
transmits an image B stored in the previous frame to the specific-region optical-flow calculating unit 33.
[0077] The specific-region optical-flow calculating unit 33 calculates an optical flow from the center of the image A by
block matching in accordance with the received image A in the current frame and the image B in the previous frame.
Specifically, SAD in the formula (9) yields calculation of the optical flow (Δu0, Δv0) at the point (u, v)=(0, 0). The optical
flow at the central point is calculated by sub-pixel unit of the tenth place. The calculated specific-region optical flow (Δu0,
Δv0) is outputted to the camera-motion parameter estimator 35.
[0078] The camera-motion parameter estimator 35 estimates camera motion parameters ωx and ωy from the formulae
(13) and (14) in accordance with the received specific-region optical flow (Δu0, Δv0). The estimated camera motion
parameters ωx and ωy are outputted to the image corrector 37.
[0079] The image corrector 37 corrects the image B in the previous frame with the received camera motion parameters
ωx and ωy so as for a vanishing point to be located at the image center upon calculation of the optical flow, thereby
generating a corrected image B’. The correcting method is performed by calculating the formulae (15) and (16). The
corrected image B’ is outputted to an image scale-up unit 21’.
[0080] The image scale-up unit 21’ generates corrected scale-up images B’a, B’b, ..., and B’n by scaling up the corrected
image B’ in turn in the same manner as in Embodiment 1. The corrected image B’ and the corrected scale-up images
B’a, B’b, ..., and B’n are outputted to the matching unit 23’.
[0081] The matching unit 23’ performs block matching of the corrected image B’ and the corrected scale-up images
B’u, B’b, ..., and B’n to the received image A in the previous current frame in the same manner as in Embodiment 1,
thereby calculating an optical flow from the image center. The calculated optical flow from the image center is outputted
to the distance estimator 15. The distance estimator 15 performs the same processing as in Embodiment 1, thereby
estimating a distance to the object appearing in the captured image.
[0082] The following describes estimating the distance in Embodiment 2 with reference to Figure 11. Figure 11 is a
flow chart illustrating a procedure of estimating the distance according to Embodiment 2.

7. Distance Estimating Method in Embodiment 2

[0083] Beside the distance estimating method in Embodiment 1, a distance estimating method in Embodiment 2
includes estimation of the camera motion parameters, and correction of the image in the previous frame in accordance
with the estimated camera motion parameters. That is, an image is captured in the step S01 in the same manner as in
Embodiment 1. Thereafter, the specific-region optical-flow calculating unit 33 calculates an optical flow from the central
point of the image A as a specific region through block matching based on the image A in the current frame and the
image B in the previous frame (step S21). The camera-motion parameter estimator 35 estimates camera motion pa-
rameters ωx and ωy from the calculated optical flow from the specific region (step S22).
[0084] The image corrector 37 corrects the image B in the previous frame with the estimated camera motion parameters
ωx and ωy so as for a vanishing point to be located at the image center, thereby generating a corrected image B’ (step
S23). The image scale-up unit 21’ scales up the corrected image B’ in the same manner as in Embodiment 1, thereby
generating corrected scale-up images B’a, B’b, ..., and B’n (step S02’). The matching unit 23’ performs block matching
of the corrected image B’ and the corrected scale-up images B’a, B’b, ..., and B’n to the image A in the current frame in
the same manner as in Embodiment 1, thereby calculating an optical flow from the vanishing point at the image center
(step S03’). The same processing as in Embodiment 1 is performed in the steps S11 and S04, whereby a distance to
the object appearing in the captured image can be estimated.
[0085] As noted above, in Embodiment 2, the optical flow is calculated from the image center as the specific region,
whereby the camera motion parameters are estimated. Then, the image in the previous frame is corrected in accordance
with the estimated camera motion parameters. This causes the vanishing point to be located at the image center.
Accordingly, the distance can be estimated even when the vanishing point is not located at the image center due to
travelling of the vehicle depending on track conditions.
[0086] That is, the distance can be estimated even when the camera 3 moves in the yaw and pitch directions due to
movement of the vehicle 1. This yields estimation of the distance regardless of the track conditions. In addition, this is
not limited to a motionless object. For instance, this yields stable estimation of the distance for a motion object such as
a forward running vehicle or a person.
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Embodiment 3

[0087] In Embodiment 2, the specific region is located at the image center. In contrast to this, Embodiment 3 has a
characteristic that a lower end side of an image is used as the specific region. The other features are common to those
of Embodiment 2.
[0088] The following describes a midpoint of the lower end of the image used for the specific region. As illustrated in
Figure 12, the center point Pe on the lower end of the image has a coordinate (u, v)=(0, v). Accordingly, the formulae
(11) and (12) are transformed into the following formulae, respectively:
[0089] Formula 17 

Formula 18 

[0090] Here, the center point Pe on the image lower end is forward of and below the central point of the vehicle 1 in
a width direction. Consequently, since the center point Pe on the image lower end is almost on the road, a distance z
in the formula (18) is often known. Moreover, assuming that a vehicle speed tz in the formula (18) is inputted from the
vehicle speed sensor 9 of the vehicle 1 provided with the camera 3, a pitch component ωx and a yaw component ωy of
the camera motion parameters can be estimated from the formulae (17) and (18).
[0091] In Embodiment 2, the specific-region optical-flow calculating unit 33 of the distance estimating device 31 adopts
the specific region as the image center. In contrast to this, in Embodiment 3, the distance estimating device calculates
an optical flow at the specific region for the midpoint on the image lower end. Moreover, the camera-motion parameter
estimator in Embodiment 3 estimates a pitch component ωx and a yaw component ωy of the camera motion parameters.
As noted above, in Embodiment 3, the optical flow is calculated at the midpoint on the image lower end for the specific
region to estimate the camera motion parameters. In addition, an image in the previous frame is corrected in accordance
with the estimated camera motion parameters. This causes the vanishing point to be located at the image center.
Accordingly, the distance can be estimated even when the vanishing point is not located at the image center due to
travelling of the vehicle 1 depending on the track conditions.

Embodiment 4

[0092] The following describes a distance estimating method and a distance estimating device with much enhanced
estimating accuracy for the camera motion parameters. Embodiment 4 has a characteristic to estimate a camera motion
parameter with two approaches, and enhance estimating accuracy for the camera motion parameter in accordance with
the estimated results.
[0093] In Embodiment 2 mentioned above, the camera motion parameter is estimated from the optical flow at the
specific region in the captured image. In contrast to this, in the present embodiment, a sensor is provided for detecting
a camera motion parameter, and the camera motion parameter is also estimated from the detection value. Examples
of the sensor detecting the camera motion parameter include a gyro sensor and an acceleration sensor. These sensors
preferably perform detection in at least X- and Y-axis directions. These sensors may be provided in the vehicle 1, or
may be provided in the camera 3.
[0094] Now description will be made with reference to Figure 13.
Figure 13 is a block diagram of a distance estimating device in Embodiment 4. A distance estimating device 39 in
Embodiment 4 further includes a gyro sensor 41 and a camera-motion parameter corrector 43 in the distance estimating
device 31 of Embodiment 2.
[0095] The gyro sensor 41 provided in the vehicle 1 (see Figure 6) detects rotation moving amounts ωx2 and ωy2 of
the vehicle 1 in the X- and Y-axis directions, respectively. Here, it is assumed that the rotational moving amount of the
vehicle 1 is equal to a rotational moving amount of the camera 3. When the rotational moving amount of the vehicle 1
is different from the rotational moving amount of the camera 3, a detection value of the gyro sensor 41 is corrected,
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whereby the rotational moving amount of the camera 3 is detected. In addition, the gyro sensor 41 may be directly
attached to the camera 3. Alternatively, instead of the gyro sensor 41, the acceleration sensor may be attached.
[0096] The camera-motion parameter corrector 43 integrates the camera motion parameters ωx and ωy estimated
from the optical flow from the specific region with the method of Embodiment 2 and the camera motion parameters ωx2
and ωy2 detected with the gyro sensor 41, thereby obtaining corrected camera motion parameters. This yields estimation
of the camera motion parameters with high accuracy.
[0097] Here, the integration may simply correspond to calculation of an average value of the camera motion parameters
ωx and ωy estimated from the optical flows in the specific region and the camera motion parameters ωx2 and ωy2 detected
with the gyro sensor 41. In addition, time-series data on the estimated camera motion values may be used with a Kalman
filter. The corrected camera motion parameters are transmitted to the image corrector 37 where the same processing
as in Embodiment 2 is performed.
[0098] The following describes operation of distance estimation in Embodiment 4 with reference to Figure 14. Figure
14 is a flow chart illustrating a procedure of the distance estimation according to Embodiment 4.
[0099] In the distance estimating method according to Embodiment 4, correction of the camera motion parameters is
added to the distance estimating method in Embodiment 2. Here, the camera motion parameters are corrected by
detecting rotation of the vehicle 1 or the camera 3 with the gyro sensor 41 and integrating the detection value to the
estimated camera motion parameters based on the captured image.
[0100] At a timing of capturing the image A in the current frame in the step S01, the gyro sensor 41 detects rotation
moving amounts ωx2 and ωy2. The detected rotation moving amounts ωx2 and ωy2 are outputted to the camera motion
parameter corrector 43. The same procedures as in Embodiment 2 are performed in the steps S01 to S22.
[0101] The camera motion parameter corrector 43 integrates the estimated camera motion parameters ωx and ωy to
the rotation moving amounts ωx2 and ωy2 detected with the gyro sensor 41, thereby correcting the camera motion
parameters (step S32). Thereafter, the image is corrected with the corrected camera motion parameters ωx’ and ωy’ in
the same manner as the step S23 in Embodiment 2. The subsequent steps S02’ to S04 are performed in the same
manner as in Embodiment 2.
[0102] With the Embodiment 4, using both the camera motion parameters obtained with the sensor for detecting the
camera motion parameters and the camera motion parameters obtained by estimating the optical flow from the specific
region allows enhanced accuracy of the camera motion parameters. This yields an enhanced accuracy for estimating
the distance estimating.
[0103] The present invention is not limited to the above embodiments, but may be modified as under.

(1) In the above Embodiment 2, the camera motion parameters are estimated based on the captured image. However,
this is not limitative. That is, as in Embodiment 4, the sensor such as the gyro sensor or the acceleration sensor
may be used to directly detect the camera motion parameters. The sensor directly detects the camera motion
parameters ωx and ωy, achieving reduction in computing load for image processing.
(2) Instead of directly detecting the camera motion parameters with the gyro sensor or the acceleration sensor as
in the above modification (1), the camera motion parameters may be detected from a steering angle obtained with
the steering angle sensor 45 of the vehicle 1 (see Figure 6) and the vehicle speed obtained with the vehicle speed
sensor 9 of the vehicle 1. Such a method as above also yields detection of the camera motion parameters ωx and
ωy, achieving reduction in load for the image processing. Moreover, as in Embodiment 4, the camera motion pa-
rameters are integrated for estimation using the camera motion parameters obtained by estimating the optical flow
from the specific region in addition to the steering angle and the vehicle speed.
(3) In the above embodiments, the distance is estimated with the image B in the previous frame as the image in the
past frame. Alternatively, when the image B in the previous frame is not stored due to imaging errors, an image in
two before the frame or an image in three or more before the frame may be used.
(4) In the above embodiments, the method of calculating the optical flow from the specific region in Embodiment 2
may be used in parallel to the method of calculating the optical flow from the specific region in Embodiment 3.
Reference is now made to Figure 15. Figure 15 is a block diagram illustrating a configuration of a distance estimating
device 51 in the modification of Embodiment 2. The distance estimating device 51 further includes a second specific-
region optical-flow calculating unit 53, a second camera-motion parameter estimator 55, and a camera-motion
parameter selecting unit 57 in the distance estimating device 31 of Embodiment 2.
As already described in Embodiment 2, the specific-region optical-flow calculating unit 33 calculates an optical flow
from the image center as the specific region. In contrast to this, the second specific-region optical-flow calculating
unit calculates an optical flow from a midpoint on the image lower end as the specific region as described in Em-
bodiment 3. The second camera-motion parameter estimator 55 estimates camera motion parameters in accordance
with the optical flow calculated in the midpoint on the image lower end as the specific region.
As noted above, estimation of the camera motion parameters for the specific region as the image center is performed
independently from estimation of the camera motion parameters for the specific region as the midpoint on the image



EP 3 009 789 A1

14

5

10

15

20

25

30

35

40

45

50

55

lower end. This allows the camera-motion parameter selecting unit 57 to select a most suitable camera motion
parameter although the motion object enters into either of the regions. Alternatively, the camera motion parameter
may be selected with the gyro sensor 41 or the acceleration sensor.
Here, selecting the most suitable camera motion parameter may correspond to selecting a camera motion parameter
closest to that calculated at a timing of one frame before when the camera motion parameters obtained from the
two independent camera motion parameter estimators diverge largely. Besides, the camera motion parameter closer
to the camera motion parameter detected with the gyro sensor 41 may be selected as the most suitable camera
motion parameter.
(5) In the above embodiments, the distance estimating device is provided in the vehicle 1. However, this is not
limitative. Besides, the distance estimating device may be used for a vision system for robots that travels autono-
mously, or an assistance system for the visually impaired.

Reference Signs List

[0104]

1 vehicle
3 camera
5, 31, 39, 51 distance estimating device
9 vehicle speed sensor
11 image storage
13, 13’ optical-flow calculating unit
15 distance estimator
21, 21’ image scale-up unit
23, 23’ matching unit
33 specific-region optical-flow calculating unit
53 second specific-region optical-flow calculating unit
35 camera-motion parameter estimator
55 second camera-motion parameter estimator
37 image corrector
41 gyro sensor
43 camera-motion parameter corrector
45 steering angle sensor

Claims

1. A method of estimating a distance from a moving object with monocular motion stereo, the method comprising:

a capturing step of capturing images;
an optical flow calculating step of calculating an optical flow from an image center based on the images captured
sequentially;
a speed measuring step of measuring a speed of the moving object; and
a distance estimating step of estimating a distance to an object appearing in the images in accordance with the
optical flow from the image center and the speed.

2. The method of estimating the distance with monocular motion stereo according to claim 1, wherein
the optical flow calculating step comprises:

an image scale-up step of scaling up one of the images captured in a previous frame; and
a matching step of matching the scale-up image to another one of the images in a current frame, and

the optical flow is calculated in accordance with an image scale factor of a matched scale-up image.

3. The method of estimating the distance with monocular motion stereo according to claim 1, further comprising:

a capturing-unit moving-amount estimating step of estimating a moving amount of a capturing unit capturing
the images; and



EP 3 009 789 A1

15

5

10

15

20

25

30

35

40

45

50

55

an image correcting step of correcting each of the images in accordance with the moving amount of the capturing
unit so as for a vanishing point to be located in the image center, and wherein
the optical flow calculating step comprises calculating the optical flow from the image center based on the
captured images and a corrected image.

4. The method of estimating the distance with monocular motion stereo according to claim 3, further comprising:

a specific-region optical-flow calculating step of calculating an optical flow from a specific region based on the
captured images, and wherein
the capturing-unit moving-amount estimating step comprises estimating the moving amount of the capturing
unit in accordance with the optical flow from the specific region.

5. A distance estimating device with monocular motion stereo that is mounted on a moving object, the device comprising:

a capturing unit capturing images;
an image storage storing the captured images;
an optical flow calculating unit calculating an optical flow from an image center based on the images;
a speed sensor measuring a speed of the moving object; and
a distance estimator estimating a distance to an object appearing in the images in accordance with the optical
flow from the image center and the speed.

6. The distance estimating device with monocular motion stereo according to claim 5, wherein
the optical flow calculating unit comprises:

an image scale-up unit scaling up one of the images captured in a previous frame; and
a matching unit matching the scale-up image to another one of the images in a current frame, and wherein

the optical flow is calculated in accordance with an image scale factor of a matched scale-up image.

7. The distance estimating device with monocular motion stereo according to claim 5, further comprising:

a capturing-unit moving-amount estimator estimating a moving amount of the capturing unit; and
an image corrector correcting each of the images in accordance with the moving amount of the capturing unit
so as for a vanishing point to be located at the image center, wherein
the optical flow calculating unit calculates the optical flow from the image center based on the captured images
and a corrected image.

8. The distance estimating device with monocular motion stereo according to claim 7, further comprising:

a specific-region optical-flow calculating unit calculating an optical flow from a specific region based on the
captured images, and wherein
the capturing-unit moving-amount estimator estimates the moving amount of the capturing unit in accordance
with the optical flow from the specific region.

9. The distance estimating device with monocular motion stereo according to claim 7, further comprising:

a specific-region optical-flow calculating unit calculating the optical flow from the specific region based on the
captured images; and
a sensor detecting movement of the moving object or the capturing unit, and wherein
the capturing-unit moving-amount estimator estimates the moving amount in accordance with a detection value
of the sensor and the optical flow from the specific region.

10. The distance estimating device with monocular motion stereo according to claim 7, further comprising:

a sensor detecting movement of the moving object or the capturing unit, and wherein
the capturing-unit moving-amount estimator estimates the moving amount of the capturing unit in accordance
with a detection value of the sensor.
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11. The distance estimating device with monocular motion stereo according to claim 8 or 9, wherein
the specific region is the image center.

12. The distance estimating device with monocular motion stereo according to claim 8 or 9, wherein
the specific region is a midpoint on a lower end of each of the images.

13. The distance estimating device with monocular motion stereo according to claim 9 or 10, wherein
the sensor is a gyro sensor or an acceleration sensor.

14. The distance estimating device with monocular motion stereo according to claim 9 or 10, wherein
the sensor is a steering angle sensor detecting a steering angle of the moving object, and
the capturing-unit moving-amount estimator estimates the moving amount of the capturing unit in accordance with
the steering angle detected with the steering angle sensor, the speed detected with the speed sensor, and the
optical flow from the specific region.
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