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device to calculate a stereo camera parameter set based on the retrieved fea-
ture point set.In addition,an on-line stereo camera calibration device on an
electronic device with a stereo camera device includes a stereo camera calib-
ration circuit.The stereo camera calibration circuit includes an input interface
and a stereo camera calibration unit.The input interface is used to retrieve a
feature point set.The stereo camera calibration unit is used to calculate a ste-
reo camera parameter set based on at least the retrieved feature point set.
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ON-LINE STEREO CAMERA CALIBRATION DEVICE AND METHOD
FOR GENERATING STEREO CAMERA PARAMETERS

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. provisional application No. 61/843,221, filed on
07/05/2013 and U.S. application No. 14/322,930, filed on 07/03/2014. The entire contents of which

are hereby incorporated by reference.

FIELD OF INVENTION

The disclosed embodiments of the present invention relate to calibrating a stereo camera

device, and more particularly, to on-line stereo camera calibration device and method for generating

stereo camera parameters.

BACKGROUND OF THE INVENTION

With the development of science and technology, users are pursing stereoscopic and more real

images rather than high quality images. There are two techniques of present stereo image display.
One is to use a video output apparatus which collaborates with glasses (such as anaglyph glasses,
polarization glasses or shutter glasses), while the other is to directly use a video output apparatus
without any accompanying glasses. No matter which technique is utilized, the main theory of stereo
image display is to make the left eye and the right eye see different images (i.c., one left-view
image and one right-view image), thus the brain will regard the different images seen from two eyes
as one sterco image.

A stereo image pair of one left-view image and one right-view image may be obtained by
using a stereo camera device. The stereo camera device is a camera that has two image sensors used
to take two pictures at the same time. The stereco image pair, including one left-view image and one
right-view image, therefore creates the three-dimensional (3D) effect when viewed by the user. For
example, a smartphone may be equipped with a stereo camera module composed of two image
sensors, cach having a lens. The capture result of the stereo camera module may be processed and
then displayed on a 3D panel of the smartphone.

However, when a module house manufactures the stereco camera module, there may be
inevitable errors in the lens module, the image sensor module, and/or the stereo camera layout of

the stereo camera module. As a result, the principle points (i.e., centers) of a left-view image and a
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right-view image included in one stereo image pair do not possess the X-axis colinearity, Y-axis of
the left-view image is not parallel with Y-axis of the right-view image, and/or Z-axis of the left-
view image is not parallel with Z-axis of the right-view image.

After the stereo camera module is assembled in the smartphone, an image processing chip of
the smartphone is required to apply image calibration upon each stereco image pair generated from
the stereo camera module to avoid/mitigate image quality degradation resulting from inherent errors
of the stereo camera module. Based on the calibration model employed by the image processing
chip of the smartphone, the module house has to perform an off-line stereo camera calibration to
generate stereo camera parameters needed by the currently employed calibration model. However,
when the image processing chip of the smartphone is modified to employ a different calibration
model, the module house needs to perform another off-line stereo camera calibration to generate
new stereo camera parameters needed by the currently employed calibration model.

Moreover, the sterco camera calibration procedure is supposed to be performed after the
assembly process. Actually, the stereo camera calibration procedure is performed by the module
house rather than the assembly plant. Thus, the relative relation between image sensors should keep
the same in the module house and the assembly plant. However, it changes in the assembly plant.
As a result, the image calibration performed based on the stereo camera parameters provided by the
module house may fail to effectively mitigate image quality degradation resulting from inherent

errors of the stereo camera module.

SUMMARY OF THE INVENTION

In accordance with exemplary embodiments of the present invention, on-line stereo camera

calibration device and method for generating stereo camera parameters are proposed to solve the
above-mentioned problem.

According to a first aspect of the present invention, an exemplary on-line stereo camera
calibration method is disclosed. The exemplary on-line stereo camera calibration method is
employed by an electronic device with a stereo camera device, and includes: retrieving a feature
point set, and utilizing a stereo camera calibration circuit on the electronic device to calculate a
stereo camera parameter set based on at least the retrieved feature point set.

According to a second aspect of the present invention, an exemplary on-line stereo camera
calibration device on an electronic device with a stereo camera device is disclosed. The exemplary
on-line stereo camera calibration device includes a stereo camera calibration circuit. The stereo

camera calibration circuit includes an input interface and a stereo camera calibration unit. The input
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interface is configured to retrieve a feature point set. The stereo camera calibration unit is
configured to calculate a stereo camera parameter set based on at least the retrieved feature point set.

These and other objectives of the present invention will no doubt become obvious to those of
ordinary skill in the art after reading the following detailed description of the preferred embodiment

that is illustrated in the various figures and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram illustrating generation of a feature point set in a module house according to

an embodiment of the present invention.

FIG. 2 is a diagram illustrating an example of a three-dimensional calibration pattern used for
one-shot calibration.

FIG. 3 is a diagram illustrating a stereo camera module with symmetric image sensors.

FIG. 4 is a diagram illustrating a stereo camera module with asymmetric image sensors.

FIG.5 is a diagram illustrating an electronic device supporting an on-line stereo camera
calibration according to an embodiment of the present invention.

FIG.6 is a flowchart illustrating a first sterco camera calibration solution according to an
embodiment of the present invention.

FIG.7 is a diagram illustrating another electronic device supporting an on-line stereo camera
calibration according to an embodiment of the present invention.

FIG.8 is a diagram illustrating a module-less stereo camera having two symmetric single-lens
Image sensors.

FIG.9 is a diagram illustrating a module-less stereo camera having two asymmetric single-lens
Image sensors.

FIG.10 is a flowchart illustrating a second stereo camera calibration solution according to an
embodiment of the present invention.

FIG.11 is a diagram illustrating yet another electronic device supporting an on-line stereo

camera calibration according to an embodiment of the present invention.

DETAILED DESCRIPTION

Certain terms are used throughout the description and following claims to refer to particular

components. As one skilled in the art will appreciate, manufacturers may refer to a component by
different names. This document does not intend to distinguish between components that differ in

name but not function. In the following description and in the claims, the terms "include" and
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"comprise” are used in an open-ended fashion, and thus should be interpreted to mean "include, but
not limited to ..." . Also, the term "couple" is intended to mean either an indirect or direct electrical
connection. Accordingly, if one device is coupled to another device, that connection may be
through a direct electrical connection, or through an indirect electrical connection via other devices
and connections.

One concept of the present invention is to provide a cross-platform stereo camera calibration
which is an on-line stereo camera calibration using a feature point set provided by a module house.
The same feature point set can be used to provide information needed by different calibration
models. Thus, when an image processing chip of an electronic device (e.g., a mobile phone) is
modified to employ a different calibration model used by a new platform, the module house does
not need to provide a new feature point set for the stereo camera module assembled in the mobile
phone. Another concept of the present invention is to provide a learning-based stereo camera
calibration which is an on-line sterco camera calibration using a feature point set provided via
machine learning. A self-learning process is performed to gather feature points based on sterco
image pairs each generated by a sterco camera device assembled in an electronic device. Thus, the
feature point set is obtained after the assembly process is done in the assembly plant. Even though
the relative relation between image sensors changes due to certain factors, the feature point set will
be updated by the self-learning process. Based on the feature point set retrieved from a learning
dataset maintained by the self-learning process, the image calibration performed on the electronic
device is capable of avoiding/mitigating image quality degradation resulting from errors of the
stereo camera device. The present invention proposes two stereo camera calibration solutions of the
symmetric/asymmetric stereo camera system for mass production. Further details are described as
below.

FIG. 1 is a diagram illustrating generation of a feature point set in a module house according to
an embodiment of the present invention. The module house manufactures a stereo camera module
104 composed of multiple image sensors, each having a lens. For example, the stereo camera
module 104 may have at least two image sensors for capturing one left-view image and one right-
view image concurrently. The module house sets up a calibration environment by mounting the
stereo camera module 104 on a mounting device (not shown). Next, the module house may perform
one-shot calibration upon the stereo camera module 104. Specifically, the stereo camera module
104 is used to shot a 3D calibration pattern CP3D only once to generate a stereo image pair 103
including a left-view image IMGL and a right-view image IMGR. It should be noted that using the
3D calibration pattern CP3D to realize the one-shot calibration is for illustrative purposes only.

Alternatively, a different calibration pattern may be used by the module house. In addition, the
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stereo image pair 103 may be generated by shooting the calibration pattern more than once.

FIG. 2 is a diagram illustrating an example of the 3D calibration pattern CP3D used for one-
shot calibration. As shown in FIG. 2, the 3D calibration pattern CP3D has one color pattern 202
located at the y-z plane, another color pattern 204 located at the x-z plane, and yet another color
pattern 206 located at the x-y plane. Each of the color patterns 202-206 has a checkerboard
arrangement of different color components. For example, the color pattern 202 has a red (255, 0, 0)
color component (denoted by “R” in FIG. 2) and a cyan (0, 255, 255) color component (denoted by
“C” in FIG. 2) distributed therein, the color pattern 204 has a green (0, 255, 0) color component
(denoted by “G” in FIG. 2) and a fuchsia (255, 0, 255) color component (denoted by “F” in FIG. 2)
distributed therein, and the color pattern 206 has a blue (0, 0, 255) color component (denoted by
“B” in FIG. 2) and a yellow (255, 255, 0) color component (denoted by “Y” in FIG. 2) distributed
therein. It should be noted that the 3D calibration pattern CP3D is for illustrative purposes only, and
is not meant to be a limitation of the present invention. For example, a different calibration pattern
may be used in another one-shot calibration design.

The stereo camera module 104 generates the stereo image pair 103, including the left-view
image IMGL and the right-view image IMGR, to a feature extraction circuit 106. The feature
extraction circuit 106 is configured to apply feature extraction to the left-view image IMGL and the
right-view image IMGR. Based on the design of the 3D calibration pattern CP3D, the feature
extraction circuit 106 may detect grid points found in the left-view image IMGL and the right-view
image IMGR as feature points, and store a feature point set FP composed of extracted grid points
into a storage device 108. For example, the storage device 108 may be a non-volatile memory such
as an electrically erasable programmable read only memory (EEPROM). The stereo camera module
104 and the storage device 108 are both provided from the module house to an assembly plant, such
that the stereo camera module 104 and the associated storage device 108 will be assembled in the
same electronic device (e.g., a mobile phone) produced in the assembly plant.

As mentioned above, the module house performs an off-line feature extraction to obtain the
feature point set FP, and does not need to perform an off-line stereo camera calibration to obtain
stereo camera parameters. Please note that the stereo camera module 104 may be a stereo camera
module 300 with symmetric image sensors 301 and 302 (i.e., image sensors with the same
resolution), as shown in FIG. 3, or may be a stereo camera module 400 with asymmetric image
sensors, including a main image sensor 401 and a second (auxiliary) image sensor 402 (i.e., image
sensors with different resolutions), as shown in FIG. 4. Hence, the module house performs the
feature extraction (e.g., one-shot feature extraction), regardless of the type of the stereo camera

module 104. In one embodiment, when the stereo camera module 300/400 is assembled in an
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electronic device, the stereo camera module 300/400 may be connected to an image signal
processor (ISP) 304 with a bridge circuit integrated therein. Hence, no external bridge integrated
circuit (IC) coupled between an ISP and image sensors of a stereo camera module is needed.

In accordance with the present invention, an on-line stereo camera calibration is performed in
an electronic device with the stereo camera module 104 and the storage device 108 assembled
therein to thereby obtain stereo camera parameters. FIG. 5 is a diagram illustrating an electronic
device supporting an on-line stereo camera calibration according to an embodiment of the present
invention. By way of example, but not limitation, the electronic device 500 may be a mobile phone.
As shown in FIG. 5, the electronic device 500 includes a stereo camera device 502 and an on-line
stereo camera calibration device 504. In this embodiment, the stereo camera device 502 is the stereo
camera module 104 shown in FIG. 1. Hence, the associated storage device 108 with the feature
point set FP stored therein is also assembled in the same electronic device 500. The on-line stereo
camera calibration device 504 may be integrated in a baseband processing chip of the electronic
device 500. In this embodiment, the on-line stereo camera calibration device 504 includes a stereo
camera calibration circuit 506, an image warping circuit 508, and one or more optional image
processing circuits (e.g., feature extraction and matching circuit 510, self-rectification circuit 512
and/or auto-convergence circuit 514).

The stereo camera calibration circuit 506 includes an input interface 516 and a stereo camera
calibration unit 518. The input interface 516 is configured to retrieve the feature point set FP from
the storage device 108. As mentioned above, the feature point set FP may be obtained through one-
shot calibration performed at the module house that manufactures the stereo camera module 104.
Thus, the feature point set FP is available in the storage device (e.g., EEPROM) 108 provided by
the module house. The input interface 516 may be a memory interface responsible for reading the
feature point set FP and supplying the feature point set FP to the stereo camera calibration unit 518.
The stereo camera calibration unit 518 is configured to calculate a stereo camera parameter set CP
according to the retrieved feature point set FP. Specifically, based on the calibration model
employed by the image warping circuit 508, the stereo camera calibration unit 518 generates the
stereo camera parameter set CP needed by the employed calibration model. For example, when the
image warping circuit 508 is configured to employ a single-warp solution, the sterco camera
calibration unit 518 generates one stereo camera parameter set CP meeting the requirement of the
single-warp solution; and when the image warping circuit 508 is configured to employ a dual-warp
solution, the stereo camera calibration unit 518 generates another stereo camera parameter set CP
meeting the requirement of the dual-warp solution. To put it simply, one feature point set FP is

generated by the module house, and multiple strategies can be supported by the on-line sterco
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camera calibration device 504 for stereo camera calibration. Hence, when the on-line stereo camera
calibration device 504 and the stereo camera module 104 are employed by respective electronic
devices having different hardware configurations/limitations, the on-line stereo camera calibration
device 504 can perform different stereo camera calibrations on the electronic devices based on the
same feature point set FP. Due to the proposed stereo camera calibration methodology, the effort
and cost of the module house can be reduced, and the flexibility of the stereo camera calibration can
be enhanced greatly.

The stereo camera parameter set CP may be referenced for geometric calibration of the stereo
camera. For example, the stereo camera parameter set CP may include intrinsic parameters of the
stereo camera module 104 and/or extrinsic parameters of the stereo camera module 104. The
intrinsic parameters are related to the relationship between a lens and a corresponding image sensor,
and may have lens distortion and a calibration matrix, including focal lengths, principle points,
skew parameters, etc. The extrinsic parameters are related to the relationship between one set of a
lens and a corresponding image sensor and the other set of a lens and a corresponding image sensor,
and may have translation correction, rotational correction, etc.

The image warping circuit 508 is configured to perform an image warping operation upon a
stereo image input IMG_IN derived from an output of the stereo camera device 502 (i.e., stereo
camera module 104 in this embodiment) according to at least the stereo camera parameter set CP,
and accordingly generate a calibrated stereo image output IMG_OUT. It should be noted that the
stereo image input IMG_IN may be a direct stereo capture output of the stereo camera module 104
or may be a processing result generated from at least one image processing stage in an ISP (e.g.,
304 shown in FIG. 3/FIG. 4) according to the stereo capture output of the stereo camera module 104.
The image quality degradation resulting from errors of the stereo camera module 104 can be
avoided/mitigated by the image warping operation performed based on at least the stereo camera
parameter set CP. It should be noted that the image warping operation may be a single-warp
operation (which adjusts only one of a left-view image and a right-view image included in a sterco
image pair) or a dual-warp operation (which adjusts both of a left-view image and a right-view
image included in a stereo image pair), depending upon the actual platform design of the electronic
device 500.

In addition to the stereo camera parameter set CP, the image warping circuit 508 may be
configured to use more parameter sets to make the calibrated stereo image output IMG_OUT have
better visual quality. For example, the feature extraction and matching circuit 510 may be
implemented to process the stereo image input IMG _IN to extract feature points in a left-view

image and a right-view image included in a stereo image pair and find the matching/correspondence
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between the left-view image and the right-view image included in the stereo image pair. The self-
rectification circuit 512 refers to a feature extraction and matching result to determine a self-
rectification parameter set P1 used to refine the geometry constraint. The auto-convergence circuit
514 refers to an output of the feature extraction and matching circuit 510 (if the self-rectification
circuit 512 is omitted) or an output of the self-rectification circuit 512 (if the self-rectification
circuit 512 is used) to determine an auto-convergence parameter set P2 used to adjust the disparity
between the left-view image and the right-view image included in the stereo image pair for better
visual effect on a 3D display. In this case, the image warping circuit 508 may generate the
calibrated stereo image output IMG_OUT by applying image warping to the stereo image input
IMG_IN according to the stereo camera parameter set CP and at least one of the self-rectification
parameter set P1 and the auto-convergence parameter set P2.

FIG. 6 is a flowchart illustrating a first stereo camera calibration solution according to an
embodiment of the present invention. Provided that the result is substantially the same, the steps are
not required to be executed in the exact order shown in FIG. 6. The first stereo camera calibration
solution proposed by the present invention may include following steps.

Step 600: Start.

Step 602: Utilize a stereo camera module to shot a 3D calibration pattern

Step 604: Perform a feature extraction procedure to obtain a feature point set of the 3D
calibration pattern.

Step 606: Store the feature point set into a storage device (e.g., an EEPROM).

Step 608: Retrieve the feature point set from the storage device.

Step 610: Perform a stereo camera calibration procedure based on the retrieved feature point
set, and accordingly generate a stereo camera parameter set.

Step 612: Apply feature extraction and matching to a stereo image input derived from a stereo
capture output of the stereo camera module.

Step 614: Perform a self-rectification procedure based on a feature extraction and matching
result, and accordingly generate a self-rectification parameter set.

Step 616: Perform an auto-convergence procedure based on the feature extraction and
matching result, and accordingly generate an auto-convergence parameter set.

Step 618: Apply image warping upon the stereo image input according to at least the stereo
camera parameter set. For example, the image warping operation may be performed based on the
stereo camera parameter set and additional parameter set(s) such as the self-rectification parameter
set and/or the auto-convergence parameter set.

Step 620: Output a calibrated stereo image output.
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Step 622: End.

It should be noted that steps 602-606 are performed in a module house that manufactures a
stereo camera module, and steps 608-620 are performed on an electronic device with the stereo
camera module assembled therein. Further, steps 612, 614 and 616 are optional, depending upon
actual design consideration. As a person skilled in the art can readily understand details of each step
shown in FIG, 6 after reading above paragraphs, further description is omitted here for brevity.

In accordance with the first stereo camera calibration solution mentioned above, the module
house is required to provide a feature point set of a 3D calibration pattern by applying one-shot
calibration to a stereo camera module. To spare the effort and cost of the module house, the present
invention further proposes a second stereo camera calibration solution which employs a machine
learning technique to obtain a learned feature point set for stereo camera calibration. In accordance
with the second stereo camera calibration solution discussed hereinafter, the sterco camecra
calibration needs no calibration pattern, allows more flexibility to the platform hardware (e.g., a
central processing unit (CPU), a graphics processing unit (GPU), etc.), and offers more robustness
to the dynamic tile of image sensors.

FIG. 7 is a diagram illustrating another electronic device supporting an on-line stereo camera
calibration according to an embodiment of the present invention. By way of example, but not
limitation, the electronic device 700 may be a mobile phone. As shown in FIG. 7, the electronic
device 700 includes a stereo camera device 702 and an on-line stereo camera calibration device 704.
In one exemplary design, the stereo camera device 702 may be the stereo camera module 300
shown in FIG. 3 or the stereo camera module 400 shown in FIG. 4. In another exemplary design,
the stereco camera device 702 may be a module-less stereo camera 800 having two symmetric
single-lens image sensors 801 and 802 (i.e., individual image sensors with the same resolution that
are separately provided without being packed as one stereo camera module), as shown in FIG. 8, or
may be a module-less stereo camera 900 having two asymmetric single-lens image sensors,
including a main image sensor 901 and a second (auxiliary) image sensor 902 (i.e., individual
image sensors with different resolutions that are separately provided without being packed as one
stereo camera module), as shown in FIG. 9. Hence, the electronic device 700 performs the learning-
based stereo camera calibration, regardless of the type of the stereo camera device 702. In one
embodiment, when the module-less stereo camera 800/900 is assembled in an clectronic device, the
module-less stereo camera 800/900 may be connected to an ISP 304 with a bridge circuit integrated
therein. Hence, no external bridge IC coupled between an ISP and individual image sensors is
needed.

The on-line stereo camera calibration device 704 may be integrated in a baseband processing
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chip of the electronic device 700. In this embodiment, the on-line stereo camera calibration device
704 includes a feature extraction and matching circuit 706, a stereo camera calibration circuit 708,
an image warping circuit 710, one or more optional image processing circuits (e.g., self-rectification
circuit 712 and/or auto-convergence circuit 714), a self-learning circuit 716, and a storage device
718.

The feature extraction and matching circuit 706 is implemented to process a stereo image input
IMG_IN’ derived from an output of the stereo camera device 702 to extract feature points in a left-
view image and a right-view image included in each stereo image pair included in the stereo image
input IMG_IN’ and find the matching/correspondence between the left-view image and the right-
view image included in each stereo image pair of the stereo image input IMG _IN’. It should be
noted that the stereo image input IMG _IN’ may be a direct stereo capture output of the sterco
camera module 104 or may be a processing result generated from at least one image processing
stage in an ISP (e.g., 304 shown in FIG. 3/FIG. 4) according to the stereo capture output of the
stereo camera device 702.

The self-learning circuit 716 is configured to perform a self-learning operation upon a feature
extraction and matching result (e.g., a current feature point set FP”) generated from the feature
extraction and matching circuit 706 to generate a learning dataset 705 and store the learning dataset
705 in the storage device 718. For example, the storage device 718 may be a non-volatile memory.
Specifically, while the user is using the electronic device (e.g., mobile phone) 700 to obtain stereo
image pairs each composed of one left-view image and one right-view image, the learning dataset
705 in the storage device 718 is created and updated due to incremental learning of the self-learning
operation. In other words, the learning dataset 705 may be updated in response to reliable matched
feature points found in the stereo image input IMG_IN’. However, using the self-learning circuit
716 to process an output of the feature extraction and matching circuit 706 is for illustrative
purposes only. In practice, any machine learning based manner capable of creating a learning
dataset required for stereo camera calibration may be adopted. In other words, generating a learning
dataset by machine learning and retrieving a feature point set from the learning dataset would fall
within the scope of the present invention.

Concerning the stereo camera calibration circuit 708, it includes an input interface 720 and a
stereo camera calibration circuit 722. The input interface (e.g., a memory interface) 720 is
configured to retrieve the feature point set FP’ from the storage device 718 and supply the retrieved
feature point set FP’ to the stereo camera calibration unit 722. Since the feature point set FP’ is
retrieved from the learning dataset 705 stored in the storage device 718, the feature point set FP’

may be regarded as having historical feature points gathered from stereo image pairs generated by

10
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the stereo camera device 702 during the self-learning process.

The stereo camera calibration unit 722 is configured to calculate a stereo camera parameter set
CP’ according to at least the retrieved feature point set FP’. Specifically, based on the calibration
model employed by the image warping circuit 710, the stereo camera calibration unit 722 generates
the stereo camera parameter set CP’ needed by the employed calibration model. For example, when
the image warping circuit 710 is configured to employ a single-warp solution, the stereo camera
calibration unit 722 generates one stereo camera parameter set CP’ meeting the requirement of the
single-warp solution; and when the image warping circuit 710 is configured to employ a dual-warp
solution, the stereo camera calibration unit 722 generates another stereo camera parameter set CP’
meeting the requirement of the dual-warp solution.

Alternatively, the input interface 720 may be further configured to receive a current feature
point set FP”, including reliable matched feature points, from the feature extraction and matching
circuit 706. Hence, the stereo camera calibration circuit 722 may be configured to generate the
stereo camera parameter set CP” based on the learned feature point set (i.e., feature point set FP’
retrieved from the learning dataset 705) and the current feature point set FP” currently generated
from the feature extraction and matching circuit 706. This also falls within the scope of the present
invention.

The stereo camera parameter set CP’ may be referenced for geometric calibration of the stereo
camera. For example, the stereo camera parameter set CP’ may include intrinsic parameters of the
stereo camera device 702 and/or extrinsic parameters of the stereo camera device 702. The intrinsic
parameters are related to the relationship between a lens and a corresponding image sensor, and
may include lens distortion and a calibration matrix, including focal lengths, principle points, skew
parameters, etc. The extrinsic parameters are related to the relationship between one set of a lens
and a corresponding image sensor and the other set of a lens and a corresponding image sensor, and
may include translation correction, rotational correction, etc.

In this embodiment, the image warping circuit 710 is configured to perform an image warping
operation upon the stereo image input IMG_IN’ according to at least the stereo camera parameter
set CP’, and accordingly generate a calibrated stereo image output IMG_OUT’. The image quality
degradation resulting from errors of the stereo camera device 702 can be avoided/mitigated by the
image warping operation performed based on at least the stereo camera parameter set CP’. It should
be noted that the image warping operation may be a single-warp operation (which adjusts only one
of a left-view image and a right-view image included in a stereo image pair) or a dual-warp
operation (which adjusts both of a left-view image and a right-view image included in a stereo

image pair), depending upon the actual platform design of the electronic device 700.
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In addition to the stereo camera parameter set CP’, the image warping circuit 710 may be
configured to use more parameter sets to make the calibrated stereo image output IMG_OUT’ have
better visual quality. For example, the self-rectification circuit 712 refers to a feature extraction and
matching result to determine a self-rectification parameter set P1° used to refine the geometry
constraint. The auto-convergence circuit 714 refers to an output of the feature extraction and
matching circuit 706 (if the self-rectification circuit 712 is omitted) or an output of the self-
rectification circuit 712 (if the self-rectification circuit 712 is used) to determine an auto-
convergence parameter set P2’ used to adjust the disparity between the left-view image and the
right-view image included in the stereo image pair for better visual effect on a 3D display. In this
case, the image warping circuit 710 generates the calibrated sterco image output IMG_OUT’ by
applying image warping to the sterco image input IMG IN’ according to the stereo camera
parameter set CP’ and at least one of the self-rectification parameter set P1° and the auto-
convergence parameter set P2’,

FIG. 10 is a flowchart illustrating a second stereo camera calibration solution according to an
embodiment of the present invention. Provided that the result is substantially the same, the steps are
not required to be executed in the exact order shown in FIG. 10. The second sterco camera
calibration solution proposed by the present invention may include following steps.

Step 1000: Start.

Step 1002: Apply feature extraction and matching to a stereo image input derived from a sterco
capture output of a stereo camera device. In one exemplary design, the stereo camera device may be
a stereo camera module. In another exemplary design, the stereo camera device may be module-less
and have two single-lens image sensors individually provided.

Step 1004: Generate a learning dataset by machine learning. For example, a self-learning
operation is performed to obtain the learning dataset.

Step 1006: Retrieve a feature point set from the learning dataset.

Step 1008: Perform a stereo camera calibration procedure based on at least the retrieved
feature point set, and accordingly generate a stereo camera parameter set.

Step 1010: Perform a self-rectification procedure based on a feature extraction and matching
result, and accordingly generate a self-rectification parameter set.

Step 1012: Perform an auto-convergence procedure based on the feature extraction and
matching result, and accordingly generate an auto-convergence parameter set.

Step 1014: Apply image warping to the stereo image input according to at least the stereo
camera parameter set. For example, the image warping operation is performed based on the stereo

camera parameter set and additional parameter set(s) such as the self-rectification parameter set
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and/or the auto-convergence parameter set.

Step 1016: Output a calibrated stereo image output.

Step 1018: End.

In one embodiment, all of steps 1002-1016 are performed on an electronic device with the
stereco camera device assembled therein. Further, at least one of steps 1010 and 1012 may be
omitted, depending upon actual design consideration. As a person skilled in the art can readily
understand details of each step shown in FIG, 10 after reading above paragraphs, further description
is omitted here for brevity.

In accordance with the first stereo camera calibration solution mentioned above, a camera
parameter set used for stereo camera calibration is generated based on a feature point set provided
by the module house. In accordance with the second stereo camera calibration solution mentioned
above, a camera parameter set used for stereo camera calibration is generated based on at least a
feature point set derived from a learning dataset maintained by a self-learning process. In an
alternative design, using feature points obtained from both of a feature point set provided by the
module house and a feature point set derived from a learning dataset to obtain a camera parameter
set is feasible. Moreover, as can be seen from FIG. 5 and FIG. 7, neither a feature point set provided
by the module house nor a feature point set derived from a learning dataset is involved in the self-
rectification operation. In an alternative design, one or both of a feature point set provided by the
module house and a feature point set derived from a learning dataset may be used to provide feature
points needed by the self-rectification operation.

Please refer to FIG. 11, which is a diagram illustrating yet another electronic device supporting
an on-line stereo camera calibration according to an embodiment of the present invention. The
electronic device 1100 may be obtained by modifying the electronic device 700 shown in FIG. 7.
Besides the learning dataset 705 created and updated by the self-learning circuit 716, the storage
device 1118 of the on-line stereo camera calibration device 1104 may further store the feature point
set FP provided by the module house. In this embodiment, the feature point set FP’ retrieved by the
input interface 720 may be derived from the feature point set FP, the learning dataset 705, or a
combination of the feature point set FP and the learning dataset 705. In other words, it is possible
that at least a portion (i.e., part or all) of the retrieved feature point set FP’ is derived from the
feature point set FP, or at least a portion (i.e., part or all) of the retrieved feature point set FP’ is
derived from the learning dataset 705. For example, one portion of the feature point set FP’ may
include feature points recorded in the feature point set FP, and another portion of the feature point
set FP’ may include feature points recorded in the learning dataset 705.

The retrieved feature point set FP’ is fed into the stereo camera calibration unit 722. Hence, the
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stereo camera parameter set CP” may be generated based on feature points derived from the feature
point set FP, the learning dataset 705, or the combination of the feature point set FP and the
learning dataset 705, depending upon the actual design consideration.

In this embodiment, the stereo camera calibration circuit 1108 further includes an optional self-
rectification unit 1112. The function and operation of the self-rectification unit 1112 are similar to
that of the self-rectification circuit 712. The major difference between the self-rectification unit
1112 and the self-rectification circuit 712 is that the self-rectification unit 1112 may use the
retrieved feature point set FP as its input. Hence, the self-rectification parameter set P1’ may be
generated based on feature points derived from the feature point set FP, the learning dataset 705, or
the combination of the feature point set FP and the learning dataset 705, depending upon the actual
design consideration.

In this embodiment, the learning dataset 705 and the feature point set FP are stored in the same
storage device 1118. However, this is not meant to be a limitation of the present invention.
Alternatively, the feature point set FP and the learning dataset 705 may be stored in different
storage devices (e.g., 108 and 718).

As a person skilled in the art can readily understand details of other circuit elements shown in
FIG. 11 after reading above paragraphs directed to the embodiment shown in FIG. 7, further
description is omitted here for brevity.

Those skilled in the art will readily observe that numerous modifications and alterations of the
device and method may be made while retaining the teachings of the invention. Accordingly, the
above disclosure should be construed as limited only by the metes and bounds of the appended

claims.
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CLAIMS

1. An on-line stereo camera calibration method employed by an electronic device with a stereo
camera device, comprising:

retrieving a feature point set; and

utilizing a stereo camera calibration circuit on the electronic device to calculate a stereo
camera parameter set based on at least the retrieved feature point set.

2. The on-line sterco camera calibration method of claim 1, wherein the sterco camera device
is a stereo camera module, and the step of retrieving the feature point set comprises:

retrieving at least a portion of the feature point set from a storage device, wherein at least the
portion of the feature point set is obtained and stored into the storage device before the stereo
camera module is assembled in the electronic device.

3. The on-line stereo camera calibration method of claim 2, wherein at least the portion of the
feature point set is obtained at a module house that manufactures the stereo camera module.

4. The on-line stereo camera calibration method of claim 2, wherein at least the portion of the
feature point set is obtained by one-shot calibration performed upon the stereo camera module
according to a calibration pattern.

5. The on-line stereo camera calibration method of claim 1, further comprising:

generating a learning dataset by machine learning, wherein at least a portion of the feature
point set is retrieved from the learning dataset.

6. The on-line stereo camera calibration method of claim 5, wherein the step of generating the
learning dataset comprises:

performing a feature extraction and matching operation upon a stereo image input derived
from an output of the sterco camera device to generate a feature extraction and matching result;
andperforming a self-learning operation upon the feature extraction and matching result to generate
the learning dataset.

7. The on-line stereo camera calibration method of claim 5, wherein the stereo camera device
is a stereo camera module.

8. The on-line stereo camera calibration method of claim 5, wherein the stereo camera device
is module-free and has two single-lens image sensors.

9. The on-line stereo camera calibration method of claim 1, further comprising:

performing an image warping operation upon a stereo image input derived from an output of

the stereo camera device according to at least the stereo camera parameter set, and accordingly
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generating a calibrated stereo image output.

10. The on-line sterco camera calibration method of claim 1, wherein the clectronic device is a
mobile phone.

11. An on-line stereo camera calibration device on an electronic device with a stereo camera
device, comprising:

a stereo camera calibration circuit, comprising;:

an input interface, configured to retrieve a feature point set; and
a stereo camera calibration unit, configured to calculate a stereo camera parameter set based
on at least the retrieved feature point set.

12. The on-line stereo camera calibration device of claim 11, wherein the stereo camera device
is a stereo camera module, and the on-line stereo camera calibration device further comprises:

a storage device, configured to store at least a portion of the feature point set, wherein the
storage device has at least the portion of the feature point set stored therein before the stereo camera
module is assembled in the electronic device, and the input interface retrieves at least the portion of
the feature point set from the storage device.

13. The on-line stereo camera calibration device of claim 12, wherein at least the portion of the
feature point set is stored into the storage device at a module house that manufactures the stereo
camera module.

14. The on-line stereo camera calibration device of claim 12, wherein at least the portion of the
feature point set has feature points in a left-view image and a right-view image included in a single
stereo image pair generated by the stereo camera module shooting a calibration pattern.

15. The on-line stereo camera calibration device of claim 11, further comprising:

a storage device, configured to store a learning dataset generated by machine learning, wherein
the input interface retrieves at least a portion of the feature point set from the storage device.

16. The on-line stereo camera calibration device of claim 15, further comprising:

a feature extraction and matching circuit, configured to process a sterco image input derived
from an output of the stereo camera device to generate the feature extraction and matching result;
and

a self-learning circuit, configured to perform a self-learning operation upon the feature
extraction and matching result to generate the learning dataset.

17. The on-line stereo camera calibration device of claim 15, wherein the stereo camera device
is a stereo camera module.

18. The on-line stereo camera calibration device of claim 15, wherein the stereo camera device

is module-free and has two single-lens image sensors.
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19. The on-line stereo camera calibration device of claim 11, further comprising:

an image warping circuit, configured to perform an image warping operation upon a sterco
image input derived from an output of the stereo camera device according to at least the stereo
camera parameter set, and accordingly generate a calibrated stereo image output.

20. The on-line stereo camera calibration device of claim 11, wherein the electronic device is a

mobile phone.
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