Automatic Ranging and Automatic Focusing

Muralidhara Subbarao

1 Field of Invention

The present invention relates to a method for automatic ranging (i.e. determining
distance) of objects and autofocusing of camera systems. The method is based on pro-
cessing defocused images of objects using signal processing techniques. The method
is passive in the sense that it does not involve sending out infrared, sonar, laser, or

other type of beams towards the objects, but it uses only ambient illumination.

2 Prior Art

Finding the distance of objects from a camera system has applications in the fields
of robotic vision, autonomous vehicle navigation, and rapid autofocusing of camera
systems. Many methods are known for determining the distance of objects from a
camera system. The methods relevant to this invention are those based on using
image defocus information for determining distance.

A common technique based on image defocus for finding the distance of an object
from a camera involves focusing the object’s image on the image detector in the
camera. The distance is then determined from the camera setting. This technique
is called depth-from-focusing. A comparative study of different depth-from-focusing
methods is reported by E. Krotkov in an article titled “Focusing” in the October 1987
issue of International Journal of Computer Vision, Volume 1, No. 3, pages 223-238.

The depth-from-focusing technique involves (i) acquiring a large number (about

20 or more) of images for different camera settings, (ii) computing a focus measure



for each of these images, and, (iii) determining the image for which the focus measure
is a maximum and determining distance from the corresponding camera setting. The
major drawbacks of this technique are (i) it is very slow because it involves acquiring
many images for different camera settings, and (ii) it requires large computational
resources in terms of computer memory space and processing power.

A new method of finding distance of objects is described by A. P. Pentland in
a paper titled “A New Sense for Depth of Field” published in July 1987 in IEEFE
Transactions on Pattern Analysis and Machine Intelligence, Vol. PAMI-9, No. 4,
pages 523-531. This method is based on comparing two images, one image formed
with a very small (pin-hole) aperture and the other image formed with a normal
aperture. Application of this method poses some serious practical difficulties. A very
small aperture increases the effects of diffraction which distorts the image. Further,
a smaller aperture gathers lesser light and therefore increases exposure period. These
problems make the method inaccurate, slow, and of limited use in practical applica-
tions. More importantly, this method is restricted to only those camera systems with
a Gaussian Modulation Transfer Function (MTF) and it involves the computation
of two-dimensional Fourier transforms. In comparison, the present invention is not
restricted to Gaussian MTFs, and it is based on the more efficient one-dimensional
Fourier transforms.

In addition to determining the distance of objects, the present invention advances
technology for rapid autofocusing of electronic cameras. Several methods of auto-
focusing of cameras are known. One method for autofocusing has been disclosed in
Japanese Patent No. 62284314 dated 1987 and granted to FUJI. This method is very
restricted in scope since it involves changing only one camera parameter — the position
of the lens whereas, in the present invention, up to three camera parameters may be
varied. Further, the Japanese '314 disclosure involves the use of at least three pic-
tures whereas the present invention uses only two pictures. Also, while the Japanese
’314 disclosure involves the use of only high spatial frequencies, the present invention
involves the use of low spatial frequencies. Most importantly, this method uses a

two-dimensional Fourier transform which is computationally expensive whereas the



present invention uses a one-dimensional Fourier transform which is computationally
efficient.

Another autofocusing method titled “Focal Point Detector” has been disclosed by
Takeshi Baba, et al. in Japanese Patent No. 63-127217 laid open on May 31, 1988 and
awarded to CANNON. The Japanese "217 disclosure suffers from the same drawbacks
as set forth above with regard to the Japanese '314 disclosure, and is applicable only
when the Modulation Transfer Function (MTF) is a Gaussian function. The Gaussian
is a very crude approximation to the actual MTF of the camera system. Therefore,
the method of 217 Japanese disclosure is also subject to error.

A previous method and apparatus for finding the distance of objects and autofo-
cusing has been disclosed by the inventor of the present invention in commonly-owned
U. S. Patent No. 4,965,840 issued on Oct. 23, 1990. This previous method is restricted
to camera systems whose Modulation Transfer Functions can be characterized by a
single parameter. More importantly, it involved the computation of two-dimensional
Fourier transforms which is computationally expensive.

Yet another method of determining distance and rapid autofocusing has been dis-
closed by the inventor of the present invention in another commonly owned copending
U.S. patent application No. 07/551,933, filed on July 12, 1990. However, that method
is based on a spatial domain approach whereas the present invention is based on a
Fourier domain appraoch. The two inventions are therefore entirely different and
hence are not comparable. However, the present invention is more robust against
noise and therefore more useful in practical applications.

Another method of automatic ranging and autofocusing are disclosed by the in-
ventor of the present invention in commonly-owned pending U. S. patent application
No. 07/373,996 filed on June 29, 1989. Unlike the first invention, this latter invention
was not limited to cameras having specific types of point spread functions or modula-
tion transfer functions. A prototype camera system was built by this inventor in the
Computer Vision Laboratory, Department of Electrical Engineering, State University
of New York at Stony Brook. On this prototype, this latter invention was imple-

mented. But the performance of the prototype was unsatisfactory. It was found to



be inaccurate and inefficient. The inaccuracy was due to two reasons: (i) substantial
and systematic noise generated by the camera system in the recorded images, and
(ii) border effects (or the “image overlap problem”). The inefficiency was due to the
computation of two-dimensional Fourier coefficients.

The inaccuracy problem can be overcome by (i) reducing noise by using a high
quality camera with low noise, and (ii) reducing the border effects by using a high
resolution camera and multyplying the images by a weighting function. Both these
solutions increase the cost of the camera apparatus substantially. The inefficiency
problem can be addressed by using fast computational hardware, but this also would
increase the cost of the apparatus substantially.

The present invention is accurate, efficient, and less expensive in comparison with
the above invention. The present invention has been successfully implemented on a

camera prototype and tested.

3 Summary of the Invention

It is an object of the present invention to substantially eliminate the problems inherent
in prior art while retaining all the advantages in prior art.

The essential object of the present invention is a method and apparatus for auto-
matic ranging and automatic focusing of a camera system.

Another essential object of the present invention is an apparatus for automatic
ranging and automatic focusing which is substantially cheaper than the apparatuses
of prior art.

Another object of the present invention is a method for automatic ranging and
focusing which is robust even in the presence of both random noise and systematic
apparatus noise.

Another object of the present invention is a method and apparatus for automatic
ranging and focusing which gives accurate results by reducing border effects in images
(or the “image overlap problem” explained later).

Yet another object of the present invention is a method and apparatus for auto-



matic ranging and focusing which is computationally efficient and therefore requires
minimal computational circuitry.

A primary object of the present invention is a method and apparatus for automatic
ranging and focusing which does not involve the computation of two-dimensional
Fourier coefficients, but involves the computation of only one-dimensional Fourier
coefficients.

A yet further object of the present invention is a method and apparatus for auto-
matic ranging and focusing which does not involve the use of a two-dimensional CCD
image sensor, but involves the use of only a one-dimensional (or a linear) CCD image
sensor, thus reducing cost of the apparatus.

Other and further objects will be explained hereinafter, and will be more partic-
ularly deliniated in the appended claims, and other objects of the present invention
will become evident hereinafter to those with ordinary skill in the art to which the
present invention pretains.

A summary of the method of the invention is presented next.

The present invention is a method of determining the distance (or ranging) of an
object from a camera system. The camera system used in the method includes an
aperture through which light enters, a light filter which controls the spectral content of
light entering the camera system, and an image detector for sensing images of objects
formed inside the camera system. An image processor is operatively connected to the
image detector through an image acquisition device. The camera system includes an
optical system having a first principal plane and a second principal plane, where the
second principal plane is arranged closer to the image detector than the first principal
plane.

The camera system is characterized by a Modulation Transfer Function (MTF)
at a set of object distances U = (ug,uz, -+, uy,) and a set of discrete frequencies
V. = (p1,p2, -, pn). The MTF itself is determined by a set of camera parameters
and the distance u of the object which is imaged by the camera system. The set
of camera parameters includes at least one of (i) distance (s) between the second

principal plane and the image detector, (ii) diameter (D) of the camera aperture,



(iii) focal length (f) of the optical system in the camera system, and (iv) spectral
characteristic (A) of the light filter.

The camera system in the present invention is configurable to at least two distinct
camera settings— a first camera setting corresponding to a first set of camera parame-
ters E1 = (A1, 81, f1, D1) and a second camera setting corresponding to a second set
of camera parameters Ea = (\q, 59, f2, D2). The second set of camera parameters
must differ from the first set of camera parameters in at least one camera parameter
value. They can differ in more than one (two, three, or all) camera parameter values.

The method of the present invention includes many steps. In the first step, a ratio
table is calculated at the set of object distances U and the set of discrete frequencies
V. The entries in the ratio table are obtained by calculating the ratio of the MTF
values at the first camera setting to the MTF values at the second camera setting.

In the next step, a transformation named log-by-rho-squared transformation is
applied to the ratio table to obtain a stored table 7. The log-by-rho-squared trans-
formation of a value in the ratio table at any frequency rho is calculated by first
taking the natural logarithm of the value and then dividing by the square of rho.

In the next step, the camera is set to the first camera setting specified by the first
set of camera parameters E1.

A first image ¢; of the object is formed on the image detector, and it is recorded
in the image processor as a first digital image. The first digital image is then summed
along a particular direction to obtain a first signal which is only one-dimensional as
opposed to the first digital image which is two-dimensional. This step reduces the
effect of noise significantly and also reduces subsequent computations significantly. It
is to be particularly noted that this step is of great importance in the method of the
present invention. This step has not been disclosed in any prior art.

Next, the first signal is normalized with respect to its mean value to provide a
first normalized signal. Then, a first set of Fourier coefficients of the first normalized
signal is calculated at the set of discrete frequencies V.

In the next step, the camera system is set to the second camera setting specified

by the second set of camera parameters E2.



A second image g of the object is formed on the image detector, and it is recorded
in the image processor as a second digital image. The second digital image is then
summed along the same particular direction in which the first digital image was
summed earlier to obtain a second signal which is only one-dimensional as opposed
to the second digital image which is two-dimensional. This step reduces the effect of
noise significantly and also reduces subsequent computations significantly. It is to be
particularly noted that this step is of great importance in the method of the present
invention. This step has not been disclosed in any prior art.

Next, the second signal is normalized with respect to its mean value to provide
a second normalized signal. Then, a second set of Fourier coefficients of the second
normalized signal is calculated at the set of discrete frequencies V.

In the next step, the corresponding elements of the first set of Fourier coefficients
and the second set of Fourier coefficients are divided to provide a set of ratio values.
To this set of ratio values, the log-by-rho-squared transformation is applied to obtain
a calculated table T.. Here also, the log-by-rho-squared transformation of a ratio
value at any frequency rho is calculated by first taking the natural logarithm of the
ratio value and then dividing by the square of rho.

In the next step, the distance of the object is calculated on the basis of the
calculated table T. and the stored table T,. This completes the basic outline of the
method of determining distance in the present invention.

In the method outlined above, as an optional step, the first digital image and
the second digital image are multiplied by a center-weighted mask such as a two-
dimensional Gaussian mask. This reduces the effect of the image overlap problem.

As another optional step, when the magnification of the first digital image and
the second digital image are significantly different, then both of them are normalized
with respect to magnification by scaling their sizes. This results in both the first and
the second digital images to have the same magnification.

In another optional step, the region surrounding the border of the object of interest
is kept dark by not illuminating that region. This results in avoiding the image-overlap

problem and enhancing the accuracy of determining the distance of the object.



In yet another optional step, the object is illuminated by projecting a light pattern
on to it. This provides a brightness variation for determining the distance of the
object even though the object itself has uniform reflectance characteristics (e.g. a
white wall).

In another optional step of the present invention, the first normalized signal and
the second normalized signal are reflected at their edges to make them two times
longer, whereby the effect of image overlap problem is diminished.

The method of the present invention is general and it is applicable to all types
of MTFs. In particular, it is applicable to MTFs which are Gaussian functions, and
it 1s also applicable to sinc-like MTFs which are determined according to paraxial
geometric optics model of image formation.

In the method of the present invention, the stored table T can be represented in
one of several possible forms. In particular, it can be represented by a set of parame-
ters. In particular, it may be represented by a set of three parameters corresponding
to a quadratic function, or a set of two parameters corresponding to a linear function.
In either of these two cases, the distance of the the object is calculated by either com-
puting the mean value of the calculated table T., or by calculating the mean-square
error between the calculated table and the stored table.

In the method of the present invention, the first set of camera parameters and the
second set of camera parameters differ in at least one camera parameter value. In
particular, the method includes the case where the first and the second set of camera
parameters differ in the value of the parameter s which specifies the distance of the
image detector from the second principal plane.

The image detector in the camera system can be a CCD array. The summation
of the first digital image and the second digital image can be carried out by rotating
a mirror through an angle so as to sweep the first and second images across a linear
CCD array.

The present invention includes a new method of automatically focusing the image
of an object in a camera system. This method is very similar to the method of

determining the distance of an object except for the last step. In the last step,



instead of calculating distance, a set of focus camera parameters E¢ is calculated
on the basis of the calculated table 7. and the stored table T,. After this step, the
configuration of the camera system is adjusted to the camera setting specified by the
set of focus camera parameters E¢. This accomplishes automatic focusing. Other
than this, the optional steps and features applicable to the method of determining

distance are also applicable to the method of automatic focusing.

4 Advantages

An important advantage of the present invention is that it does not involve the com-
putation of two-dimensional Fourier coefficients whereas prior art does involve the
computation of two-dimensional Fourier coefficients. The present invention involves
the computation of only one-dimensional Fourier coefficients. Computation of two-
dimensional Fourier coefficients is computationally very expensive in comparison
with the computation of one-dimensional Fourier coefficients. Computation of two-
dimensional Fourier coefficients is slow and requires expensive hardware. Therefore,
the apparatus of the present invention is cheaper, simpler, and faster than the appa-
ratus of prior art.

Another important advantage of the present invention is that it is much more
robust against noise than prior art. This is accomplished by summing two-dimensional
images along a particular direction to obtain one-dimensional signals which are then
used for determining distance. The summation operation has the effect of cancelling
most of the effect of all types of zero-mean noise.

The method of the present invention has been implemented on an actual camera
system and it has been demonstrated to be better than the best and most general
method known in prior art.

The present invention shares many important features of an earlier invention by
this same inventor ( U. S. patent application no. 07/373996, filed on June 29th, 1989,
pending). For example, the present invention is not restricted by the form of the

Modulation Transfer Function (MTF) of the camera. It is applicable to any camera



system that can be modeled as a linear shift-invariant system (i.e. a systems that
performs convolution). Therefore it is applicable even in the presence of significant
optical aberrations and image distortion caused by diffraction. In particular, the
present invention is applicable but not restricted to camera systems with Gaussian
and sinc-like MTFs. In the present invention, the MTF is characterized completely in
terms of the relevant camera parameters, thus accounting for diffraction effects and
lens aberrations.

The present invention is also general and therefore many camera parameters can
be changed simultaneously instead of changing only one camera parameter at a time.
Further, it generalizes the method of determining distance to determining other cam-
era parameters. It also generalizes the method to any linear shift-invariant system
for estimating any number of system parameters and estimating the input signal.

Further advantages of the present invention will become apparent hereinafter to

those with ordinary skill in the art to which the present invention pertains.

5 Brief Description of the Drawings

For a further understanding of the objects of the present invention, reference is made
to the following description of the preferred embodiment which is to be taken in
connection with the accompanying drawings.

Fig. 1 is a block diagram of the camera system of the preferred embodiment. It
illustrates a focal length controller, image detector position controller, a camera aper-
ture diameter controller, and a filter to control the spectral content of light entering
the camera.

Fig. 2 illustrates the camera parameters and the image formation process in the
preferred embodiment of the camera system.

Fig. 3 is a block diagram of an alternative camera embodiment having two cameras
(instead of one camera) with different camera parameter values and a beam-splitting
arrangement for viewing a scene through a common aperture.

Fig. 4 is a flow-chart showing the main steps in the method of the present invention.
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Fig. 5 shows an example where a digital image processing computer has been used
in the implementation of the apparatus of the present invention.

Fig. 6 shows the camera’s field-of-view divided into many smaller subfield-of-views
and the corresponding subimages into which the image has been divided.

Fig. 7 shows a scheme for using a linear CCD array and a rotating mirror for
image summation in one direction.

Fig. 8 shows multiple linear CCD arrays arranged in parallel for simultaneous
sensing of images corresponding to different values of s.

Fig. 9 shows how a lens can be interposed between a mirror and a CCD array for

changing the focal length f.

6 Detailed Description of the Preferred
Embodiments

The present invention will now be described with reference to the drawings. Fig. 1,
Fig. 2, and Fig. 5 show the camera system of the preferred embodiment. It includes a
light filter LF, an aperture stop AS, an optical system OS, and an image detector ID.
The light filter LF controls the spectral content A of light entering the camera. For
example, a red filter transmits only red light and blocks light of all other wavelengths.
The amount of light entering the camera is controlled by the aperture stop AS. In
the preferred embodiment, the aperture of the aperture stop is circular. Therefore,
the amount of light is controlled by varying the diameter D of the aperture of the
aperture stop. The aperture of the aperture stop is also referred to as the camera
aperture. In the preferred embodiment, the optical system OS consists of lenses. The
optical system is characterized by its focal length f, the first principal plane P1 and
the second principal plane P2. The image detector ID is positioned at a distance
s from the second principal plane P2. In this figure, OA is the optical axis of the
camera system. An object OB is located at a distance u from the first principal plane
P1. The optical system OS forms an image of the scene on the image detector 1D.

The image formed on the image detector 1D is converted to an electronic video signal
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which forms the output of the camera system.

The camera is characterized by a set of camera parameters. The camera parame-
ters are (see Fig. 2): (i) the distance s between the second principal plane P2 of the
optical system and the image detector ID, (ii) the diameter D of the camera aper-
ture, (iii) the focal length f of the optical system, and (iv) the spectral transmittance
characteristic A of the light filter LF. The values of these camera parameters together
specify the physical configuration or the camera setting of the camera system. In the
preferred embodiment, at least one of these camera parameters is variable. In the
preferred embodiment, s is changed by moving the whole optical system OS along the
optical axis (or moving the image detector ID), f is changed by moving lens elements
in the optical system relative to each other, D is changed by altering the diameter of
aperture stop AS, and A is changed by changing the light filter LF.

The values of the camera parameters s, f, D, and X are respectively controlled by
four controllers: image detector position controller, focal length controller, aperture
controller, and light filter controller. These controllers can be used to set the values of
the camera parameters s, f, D and A to desired values. The four controllers together
constitute the camera controller.

An alternative embodiment of the camera system is obtained by a minor modifi-
cation of the preferred embodiment described above. In this modified embodiment,
instead of using a single camera system which provides means for changing the cam-
era parameters, multiple cameras are used. These multiple cameras are such that
the camera parameter values of each individual camera differs in at least one of the
camera parameters in comparison with all other cameras. That is, no two cameras
among the multiple cameras have identical camera parameter values for all camera
parameters. In this apparatus, there is no necessity to provide for varying any of the
camera parameters of the individual cameras. All camera parameters of each camera
can be fixed, thus avoiding the necessity for any moving parts in the camera system.
Therefore the apparatus can be made rugged. Each camera is used in acquiring one
image corresponding to one set of values of camera parameters. Each of the individual

cameras view the scene through a common aperture with the aid of a beam-splitting
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arrangement. Except for the above differences, the alternative embodiment is similar
to the preferred embodiment. Fig. 3 shows an example where two cameras with dif-
ferent camera parameter values view the scene through a beam-splitter consisting of
a half-silvered mirror and a full mirror.

In the preferred embodiment of the present invention, the camera system is cir-
cularly symmetric about the optical axis OA. Therefore, the Modulation Transfer
Function (MTF) of the camera is also circularly symmetric. If p represents the spa-
tial frequency, then the MTF of the camera can be specified by H(s, f, D, A, u; p), or,
in short, H(E,u;p), where E is a vector whose components are the camera parame-

ters, 1.e.

E = (s,f,D,)). (1)

The camera system is characterized by the MTF at a set of object distances

U = (ur,ug, -, Up) (2)

and a set of discrete frequencies

Vo= (p1,p2: 5 pn)- (3)

This characterization is done for at least two different values of camera settings Eq

and Es where

E1 = (s1, f1, D1, M), (4)
Es = (52,f2,D2,)\2)- (5)

From here onwards, Eq is referred to as the first camera setting, and Eg is referred to
as the second camera setting. In the preferred embodiment of the present invention,
pi = 0.6-1fore=1,2,-,6, and m = 20. Typically, p; are taken to be low frequencies.
If w5, and ., are the minimum and maximum distances at which the object OB

may be located, then the u;s are calculated using the formula

1 7 1 1
S . . 6
Usj m <um2n umax) ( )

In the preferred embodiment of the present invention, t,,;, = 15f and 4, = oo.
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The MTF data for the two camera settings E1 and Eg are denoted by H(E1,u;; p;)
and H(Esa,u;;p;). In the first step of the method of the present invention, the ratio
of these two MTFs are determined for ¢ =1,2,---,m and 5 =1,2,---,n to obtain a
ratio table T, (u;, p;). That is, the the ratio table is obtained by calculating

|H(Eq, u;; Pj)|)
|H (B2, ug; pj)|

T (ui, p;) = ( (1)

A transformation called ‘log-by-rho-squared’ transformation is applied to this ratio
table T, to obtain a stored table Ts(u;, p;). (Here T stands for Table, and the subscript
s stands for ‘stored’.) The ‘log-by-rho-squared’ transformation of the ratio table is

clculated by

T (i pj) = %bg(ﬂ(ui,pj)). (8)

J

Although the table Ty(u;, p;) is stored at discrete values u; and p;, interpolation
technique is used to calculate the table value for intermediate values of u and p.
For intermediate values of p, due to the log-by-rho-squared transformation, a linear-
interpolation scheme gives satisfactory results. For intermediate values of u, a linear
or quadratic interpolation with respect to 1/u gives satisfactory results.

The table Ts(u;, p;) may be stored as either raw data or in a parametric form. The
parameters of the table are obtained by fitting a surface to the data and storing the
parameters of the equation of the surface. In particular, it is usually found that T} is
almost a constant with respect to p, and is quadratic with respect to 1/u. Therefore,

it can be parameterized as
Ty(uirps) = a (1w + b(1fu) + ¢ )

and the parameters a,b and ¢ can be estimated from data using a least-squares fit
approach. As a further simplification, if the diameter D of the camera aperture is
not changed in the two camera settings E; and Es, then it can be shown that the
parameter a above is usually zero, and therefore, the table T is linear with respect to

1/u. In this case, only two parameters— b and ¢ are adequate to represent the table

Ts.

14



The stored table T can also be compactly stored by first applying the log-by-rho-
squared transformation to the MTF, fitting a surface to the result, and then storing
the parameters of the surface.

In general, the amount of data in the stored table T, can be compactly repre-
sented by storing only the mean value of the table with respect to p, and if possible,
parameterizing the result and storing only the parameters.

The focused image of the object OB is denoted by f(x,y) and its Fourier transform
by F(w,v).

Referring to Fig. 4, the next step in the method of the present invention is to
set the camera to a first camera setting Ey. This is accomplished by driving the
camera controller. A first image ¢; of the desired object OB is then formed on the
image detector ID. In the preferred embodiment, the image detector 1D is a two-
dimensional CCD image sensor array. The actual image of object OB recorded by
the image detector 1D is denoted by ¢1(7, j). If g1(¢, 7) contains images of other objects
in addition to object OB, then it is windowed or clipped so that it contains the image
of only object OB. If, however, the image ¢ is blurred, then the values of ¢;(¢,7) at
its border is affected by the images of other objects just outside the border. This is
called the image overlap problem.

The first image ¢; is digitized and stored in a storage means. In the preferred
embodiment of the present invention, the image ¢; is taken as a rectangular shaped
image with N rows and M columns.

As an optional step, the effect of the image overlap problem is reduced by dem-
pahsizing the border portions of ¢1(¢,7). This is done by multiplying ¢1(7, ) by a

center-weighted mask w(z, j), such as a Gaussian mask defined by

(i=N/2)? +<J—M/2>2)

ati,j) = « (45 (10)

where ¢ is a constant which is typically equal to 3. Alternatively, a light filter with
Gaussian transmittance characteristic corresponding to w(¢, j) can be interposed be-
tween the optical system OS and the image detector ID to achieve the same effect by

optical means.
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The effect of the image overlap problem can be also reduced by blurring (or low
pass filtering) the border portions of ¢1(¢, 7).

In an important departure from prior art, the two-dimensional (2-D) first image
g1(2,7) is converted to a one-dimensional first signal ¢;(¢) by summing ¢1(z, j) along a
particular direction. The actual direction of summation can be any direction, but in
the preferred embodiment of the present invention, this direction is chosed to be the
direction of rows in the digital image ¢;. Therefore, if the image ¢1(¢,7) has N rows
and M columns, then this summation operation is carried out using the formula

M
gi1(2) = Z; g1(2,7) fore=1,2,--- N. (11)
-
This step reduces the effect of noise, especially zero-sum noise irrespective of whether
the noise is random or systematic, in the image ¢1(¢, j) because of the summation along
one of the dimensions. This step also significantly reduces further computational effort
in the subsequent steps.

The one-dimensional first signal ¢;(z) is normalized with respect to brightness
by dividing it by its mean value. Then, as an optional step, the resulting signal is
normalized to a standard (say unit) magnification by scaling.

As an optional step, the effect of the image overlap problem can be further reduced.
In this step, the first signal ¢; is “reflected” at one of its” border to obtain a new first
signal by replicating the signal to obtain a new first signal which is twice as long as
the original first signal. The resulting new first signal is therefore symmetric with
respect to the border point along which the original first signal is reflected. For
example, if the reflection is done at the end (i.e. © = N), then the new first signal is
the same as the first signal ¢;(¢) for e = 1,2,---, N and it is equal to ¢;(2N —¢+1) for
t=N+1,N+2,--- 2N. For convenience, the new first signal obtained by reflection
is also denoted by ¢;. In comparison with prior art, this optional step is an important
improvement which reduces the image overlap problem. This step is motivated from
the peculiar periodicity properties of the Discrete Fourier Transform.

The magnitudes of the one-dimensional Discrete Fourier Transform coefficients

of g1(¢) are calculated for the spatial frequencies corresponding to p1, pa, ps, -+, pn.
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These Fourier coefficients are denoted by G1(p;) and together they are referred to
as the first set of Fourier coefficients. From this first set of Fourier coefficients, any
coefficient whose magnitude is smaller than a prespecified threshold is removed. Thus,
Fourier coefficients with small magnitudes are excluded from usage in subsequent
calculations. This is necessary to prevent large errors caused by noise.

The first set of Fourier coefficients are related to the corresponding Fourier coef-

ficients of the focused image through the MTF as
Chlp;) = H(E1,uk;p;) F(p;) (12)

where uy 1s the distance u of the desired object OB.

Referring to Fig. 4, the next step is to set the camera to the second camera setting
E>. As before, this is accomplished by driving the camera controller. Then a second
image ¢2(t, 7) of the desired object OB is formed on the image detector ID and it is
then recorded. Now this second image g2(¢,7) is processed in a manner very similar
to the first image ¢1(7, j) as described above (see steps 10, 11, and 12 in Fig. 4). All
steps described until the previous paragraph are carried out on the second image. In
particular, steps 3 to 7 in Fig. 4 correspond respectively to steps steps 8 to 12. This
is clear from Fig. 4

After these steps, the Fourier coefficients (G3(p;) are related to the corresponding
Fourier coefficients of the focused image through the MTF as

Ga(p;) = H(Ez2,ui;p;) F(p;) (13)

where uy 1s the distance u of the desired object OB.

In the next step, the Fourier coefficients GG1(p;) of the first image are divided by
the Fourier coefficients (GG3(p;) of the second image to obtain a ratio set T,(p;) for
J=1,2,---,n. That is, the ratio set T,(p,) for j = 1,2,--- n is calculated using the

the formula

T(p)) = % (14)

The calculated values of the ratio set T, do not depend on the appearance of

the object OB. This is because, when (1 as specified by Eq. (12) is divided by G
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specified by Eq. (13), the focused image term F'(p;) cancels out, and we get

Gilpi) _ H(E1,upj)
Ga(p;)  H(Ez2,up;p))

(15)

In the above equation, the distance uy is the only unknown. Therefore, it can be
solved to obtain the distance uy of the object. This is the basic principle underlying
the method of the present invention. Note that, the right hand side in the above
equation corresponds to the ratio table T, calculated earlier from the MTFs of the
camera system.

In comparison with prior art, the above relation is for one-dimensional Fourier
coefficients and not for two-dimensional Fourier coefficients. Therefore, the calcula-
tion of the Fourier coefficients is easier. Also, the above relation is independent of
the actual shape of the MTF. This means that, the method is applicable to both
specific MTFs such as Gaussian and sinc-like functions and also to general MTFs
which are circularly symmetric. In fact, even the requirement of circular symmetry of
the MTF is removed if the cross section of the MTF H corresponds to the direction
of one-dimensional summation of ¢1(¢,7) and g¢2(¢, 7). Therefore, the method of the
present invention covers all physically possible MTF shapes, without restriction of
symmetry or shape.

Next, the previously mentioned log-by-rho-squared transformation is applied to
the ratio set T, computed above. The resulting values are stored in a calculated
table T.(p;) (here T' stands for ‘table’, and the subscript ¢ stands for ‘computed’ or
‘calculated’). The formula for this calculation is

1
T(ps) = — log(Tp(p;))- (16)
Pj

In the next step, the distance u of the object OB is calculated on the basis of the
calculated table T, and the stored table T;. The distance u is calculated by searching
the stored table T along the u; dimension to find a particular value of u; = u; where
Ts(ug; p;) most closely resembles the caculated table values T.(p;) for all p;. If the
table T is represented as raw data, then one of the two methods below is used to

calculate the distance u: (i) using mean-square error and (ii) mean.
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In the first method using the mean-square error, a measure of closeness between

T. and T} is calculated as

e(u)) = Y _[Ti(uispj) — Telp;)]”. (17)
7=1
Here, the smaller the value of e(u;), the “closer” is the calculated table T.(p;). Then
find uy for which e is a minimum, i.e. e(ux) < e(u;) for all u;.
ug then is the distance or range of the desired object OB. This is displayed as

output of the ranging system.

In the second method using mean, the “closeness” e(u;) is defined differently as

MJZ%iﬂWW% 4

J=1 J

Te(pj)l (18)

1

3| =

n

The distance is then determined similar to the mean-square error method. It is the
distance uy such that e(ur) < e(u;) for all u,.

If the table T is represented using the parameters a, b, and ¢ (only b and ¢ when
the diameter D is not changed, i.e. Dy = D) as in Eq. (9), then the following method

is used for determining distance. Calculate the mean value of the table T, defined by

1 i3
po= =2 Tdpj). (19)
n
Now solve the equation
= a(l/u)2 + b(1/u) + ¢ (20)

to obtain u. In general, two solutions will be obtained for u. A case of particular
interest is when the diameter D is not changed in the two camera settings, and
therefore @ = 0 in the above equation. In this case a unique solution is obtained for
distance u as u = b/(p — ¢).

If a set of two solutions is obtained for distance using the two images ¢; and g3,
then the resulting two-fold ambiguity is resolved by using a third image g3 recorded
with a third camera setting Es. Just as the two images ¢; and g5 were used to obtain
one set of two solutions for distance, the images g5 and g3 are used in a similar manner
and a second set of solutions is obtained for distance. The solution that is common

to the two sets of solutions is taken as the actual distance of the object.
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In principle, acquiring and processing just three images of an object are sufficient
to determine the distance of the object. However, a more robust estimate of the
distance can be obtained by processing several distinct triplets of images of the object.
Each distinct triplet of images is processed to obtain one independent estimate of
distance. A weighted average of all the independent estimates of distances yields a
robust estimate of distance. In general, the distance of the object estimated by the
above described method can be combined with other independent distance estimates
(obtained by either the same method or a different method) by taking a weighted
average to obtain a more robust estimate of the distance.

The above method of determining the distance of an object from a camera can
be applied to all objects in the field-of-view of the camera simultaneously to obtain
the distance of all objects in the field-of-view. For example, the field-of-view of the
camera can be divided into many smaller subfield-of-views and in each subfield-of-view
the distance of the object in that subfield-of-view can be determined. Dividing the
camera’s field-of-view into many subfield-of-views corresponds to dividing the image
formed on the image detector into many smaller subimages where each subimage
corresponds to one subfield-of-view. Fig. 6 illustrates this concept. Each subimage
can be processed in parallel with other subimages to determine the distance of the
object in the corresponding subfield-of-view. Thus, the distance of all objects in the
field-of-view of a camera can be determined simultaneously from only three images.
This method has important applications in robotic vision where it is required to find
the position of all objects in a scene very fast with minimal computation. An array
of numbers representing the distance (or depth) of object points in a scene in small
subfields-of-view of a camera is called the depth-map of the scene. Therefore, the
method of the present invention is useful in obtaining the depth-map of a scene in an
efficient manner.

In the above method of determining distance, the images ¢1(7, j) and ¢2(¢, j) were
summed with respect to j to obtain the one-dimensional signals ¢1(¢) and g2(¢) re-
spectively. Intsead, ¢1(¢,7) and ¢2(7,j) can be summed with respect to ¢ and then

the distance uj can be found from the resulting one-dimensional signals. More im-
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portantly, the distance can be estimated in both ways, first by summing with respect
to j, and then again by summing with respect to . The average, or some other
combination, of these estimates can be taken as the actual estimate of distance of
the object. This makes the method immune against failure in the presence of bar-like
patterns that are only vertical or only horizontal.

The present invention includes a new method autofocusing. This method is very
similar to the method of determining the distance of an object described above. It
is only in the last step that the two methods differ somewhat. In the last step of
the method of determining distance, the distance is calculated on the basis of the
stored table T and the calculated table T.. In the method of autofocusing, instead
of calculating distance, a set of focus camera parameters specified by E¢ is calculated

on the basis of the stored table T, and the calculated table 7. where

Er = (sg, fr, Dy, Ag). (21)

All the steps until the calculation of the stored table T and the calculated table T
are exactly the same in both the method of determining distance and the method of
autofocusing. These steps therefore will not be described a second time here.

For every distance u; of the object OB, a desired camera setting Eg which focuses
the object is specified by a relation called Distance-Camera-Setting-Relation (DCSR).
On the basis of the calculated table T, and the stored table T, the set of focus camera
parameters Eg is calculated using DCSR. DCSR is specified either in a tabular form
or in equational form.

After determining the set of focus camera parameters E¢, control signals are sent
to the camera controller to set the camera to the desired setting .. This accomplishes
autofocusing.

In an alternative embodiment of the present invention a one-dmensional or linear
CCD is used as the image detector. In this embodiment, a mirror is interposed
along the optical path of the light rays of the object. The mirror reflects light rays
of the object on to the linear CCD array. The mirror is then rotated by a small
angle along an axis parallel to the linear CCD array (Fig. 7). This rotating or
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“sweeping” of the mirror causes the two-dimensional image of the object to be scanned
by the linear CCD array. This scanning causes each array element to produce a
response corresponding to summing the brightness of the image of the object along a
direction prependicualr to the linear CCD array. This step has the effect of directly
converting the two-dimensional image to a one-dimensional signal by optical means.
The resulting one-dimensional signal is directly used in further calculations. In this
embodiment, a cost savings is achieved since a one-diemnsional CCD array is used
instead of a two-dimensional CCD array. In this embodiment, the distance s between
the second principal plane and the image detector can be varied in four ways: (i) by
moving the lens system forward and backwards along the optical axis, (ii) by moving
the linear CCD array up and down, (iii) by moving the mirror forward and backward
along the optical axis, and (iv) by placing two or more linear CCDs in parallel at
different distances from the mirror (Fig. 8).

In another embodiment of the present invention, a lens is interposed between the
mirror and the image detector (Fig. 9). The focal length f is then varied by moving
the lens up and down.

In yet another embodiment of the present invention, an aperture is interposed
between the mirror and the image detector. The aperture diameter D is then varied

by changing the diameter of this aperture.
7 Conclusions, Ramifications, and Scope of In-

vention

The present invention shares many important features and generalities of an earlier
invention by this same inventor ( U. S. patent application no. 07/373996, filed on June
29th, 1989, pending). For example, the present invention can be generalized to obtain
a method of determining camera parameters instead of distance of objects. It can also
be generalized to derive a method of obtaining focused images from blurred images.
It can be further generalized to any linear shift-invariant system for estimating any

number of system parameters and estimating the input signal.
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While the description of the method of the present invention contains many speci-
ficities, these should not be construed as limitations on the scope of the invention,
but rather as exemplifications of preferred embodiments thereof. Further modifica-
tions and extensions of the present invention herein disclosed will occur to persons
skilled in the art to which the present invention pertains, and all such modifications
are deemed to be within the scope and spirit of the present invention as defined by

the appended claims and their legal equivalents thereof.

8 Claims

1. A method of determining the distance of an object from a camera system which
includes an aperture through which light enters, a light filter, an image detector,
an image processor operatively connected to said image detector, an optical system
having a first principal plane and a second principal plane, said second principal
plane arranged closer to said image detector than said first principal plane, said
camera system characterizable by a Modulation Transfer Function (MTF) at a set
of object distances and a set of discrete frequencies, said MTF determinable by a
set of camera parameters and distance of said object, said set of camera parameters
comprising at least one of (i) distance (s) between said second principal plane and
said image detector, (ii) diameter (D) of said camera aperture, (iii) focal length (f)
of said optical system, and (iv) spectral characteristic (A) of said light filter, said
camera system configurable to at least two distinct camera settings— a first camera
setting corresponding to a first set of camera parameters and a second camera setting
corresponding to a second set of camera parameters which differs from said first
set of camera parameters in at least one camera parameter value, and said method
comprising:

a) calculating a ratio table at said set of object distances and said set of discrete
frequencies by calculating the ratio of said MTF at said first camera setting to said
MTF at said second camera setting;

b) applying log-by-rho-squared transformation to said ratio table to obtain a
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stored table, wherein said log-by-rho-squared transformation of a value in said ra-
tio table at frequency rho is calculated by first taking the logarithm of said value and
then dividing by the square of rho;

c) setting said camera to said first set of camera parameters;

d) forming a first image of said object on said image detector, and recording said
first image in said image processor as a first digital image;

e) summing said first digital image along a particular direction to obtain a first
signal which is only one-dimensional as opposed to said first digital image which is
two-dimensional, whereby the effect of noise is significantly reduced and subsequent
computations are significantly reduced;

f) normalizing said first signal with respect to its mean value to provide a first
normalized signal;

g) calculating a first set of Fourier coefficients of said first normalized signal at
said set of discrete frequencies;

h) setting said camera to said second set of camera parameters;

i) forming a second image of said object on said image detector, and recording
said second image in said image processor as a second digital image;

j) summing said second digital image along said particular direction to obtain a
second signal which is only one-dimensional as opposed to said second digital image
which is two-dimensional, whereby the effect of noise is significantly reduced and
subsequent computations are significantly reduced;

k) normalizing said second signal with respect to its mean value to provide a
second normalized signal;

1) calculating a second set of Fourier coefficients of said second normalized signal
at said set of discrete frequencies;

m) dividing said first set of Fourier coefficients by said second set of Fourier
coefficients to provide a set of ratio values;

n) applying log-by-rho-squared transformation to said set of ratio values to obtain
a calculated table, wherein said log-by-rho-squared transformation of a ratio value at

frequency rho is calculated by first taking the logarithm of said ratio value and then
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dividing by the square of rho;

o) calculating the distance of said object on the basis of said calculated table and
said stored table.

2. The method of claim 1 wherein said first digital image and said second digital
image are multiplied by a center-weighted mask, whereby the effect of the image
overlap problem is reduced.

3. The method of claim 2 wherein said first digital image and said second digital
image are normalized with respect to magnification by scaling their sizes.

4. The method of claim 1 wherein the region surrounding the border of said object
is kept dark by not illuminating that region, whereby the image-overlap problem is
avoided and accuracy of said distance of said object determination is enhanced.

5. The method of claim 1 wherein said object is illuminated by projecting a light
pattern on to it whereby a brightness variation is provided for determination of said
distance of said object even though said object has uniform reflectance characteristics.

6. The method of claim 1 wherein said first normalized signal and said second
normalized signal are reflected at their edges to make them two times longer, whereby
the effect of image overlap problem is diminished.

7. The method of claim 1 wherein said MTF is a Gaussian function.

8. The method of claim 1 wherein said MTF is sinc-like and corresponds to
paraxial geometric optics.

9. The method of claim 1 wherein said stored table is represented in said image
processor by a set of two parameters corresponding to a linear function.

10. The method of claim 9 wherein calculation of distance in step (o) is carried
out by calculating the mean value of said calculated table.

11. The method of claim 1 wherein said stored table is represented in said image
processor by a set of three parameters corresponding to a quadratic function.

12. The method of claim 11 wherein calculation of distance in step (o) is carried
out by calculating the mean value of said calculated table.

13. The method of claim 1 wherein calculation of distance in step (o) is carried out

by calculating the mean-square error between said calculated table and said stored
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table.

14. The method of claim 1 wherein said first set of camera parameters and said
second set of camera parameters differ in the values of the parameter s which specifies
the distance of said image detector from said second principal plane.

15. The method of claim 1 wherein said image detector is a CCD array.

16. The method of claim 1 wherein summation of said first digital image in step
(e) and said second digital image in step (j) are carried out by rotating a mirror
through an angle so as to sweep said first and second images across a linear CCD
array.

17. A method of automatically focusing the image of an object in a camera system
which includes an aperture through which light enters, a light filter, an image detector,
an image processor operatively connected to said image detector, an optical system
having a first principal plane and a second principal plane, said second principal
plane arranged closer to said image detector than said first principal plane, said
camera system characterizable by a Modulation Transfer Function (MTF) at a set
of object distances and a set of discrete frequencies, said MTF determinable by a
set of camera parameters and distance of said object, said set of camera parameters
comprising at least one of (i) distance (s) between said second principal plane and
said image detector, (ii) diameter (D) of said camera aperture, (iii) focal length
(f) of said optical system, and (iv) spectral characteristic A of said light filter, said
camera system configurable to at least two distinct camera settings— a first camera
setting corresponding to a first set of camera parameters and a second camera setting
corresponding to a second set of camera parameters which differs from said first set
of camera parameters in at least one camera parameter, and said method comprising:

a) calculating a ratio table at said set of object distances and said set of discrete
frequencies by calculating the ratio of said MTF at said first camera setting to said
MTF at said second camera setting;

b) applying log-by-rho-squared transformation to said ratio table to obtain a
stored table, wherein said log-by-rho-squared transformation of a value in said ra-

tio table at frequency rho is calculated by first taking the logarithm of said value and
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then dividing by the square of rho;

c) setting said camera to said first set of camera parameters;

d) forming a first image of said object on said image detector, and recording said
first image in said image processor as a first digital image;

e) summing said first digital image along a particular direction to obtain a first
signal which is only one-dimensional as opposed to said first digital image which is
two-dimensional, whereby the effect of noise is significantly reduced and subsequent
computations are significantly reduced;

f) normalizing said first signal with respect to its mean value to provide a first
normalized signal;

g) calculating a first set of Fourier coefficients of said first normalized signal at
said set of discrete frequencies;

h) setting said camera to said second set of camera parameters;

i) forming a second image of said object on said image detector, and recording
said second image in said image processor as a second digital image;

j) summing said second digital image along said particular direction to obtain a
second signal which is only one-dimensional as opposed to said second digital image
which is two-dimensional, whereby the effect of noise is significantly reduced and
subsequent computations are significantly reduced;

k) normalizing said second signal with respect to its mean value to provide a
second normalized signal;

1) calculating a second set of Fourier coefficients of said second normalized signal
at said set of discrete frequencies;

m) dividing said first set of Fourier coefficients by said second set of Fourier
coefficients to provide a set of ratio values;

n) applying log-by-rho-squared transformation to said set of ratio values to obtain
a calculated table, wherein said log-by-rho-squared transformation of a ratio value at
frequency rho is calculated by first taking the logarithm of said ratio value and then
dividing by the square of rho;

o) calculating a set of focus camera parameters on the basis of said calculated
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table and said stored table; and
p) adjusting the configuration of said camera s stem to the camera setting speci
fied b said set of focus camera parameters calculated in step o) and accomplishing
automatic focusing
he method of claim herein said first digital image and said second
digital image are multiplied b a center eighted mas hereb the e ect of the
image o erlap problem is reduced
he method of claim herein said first digital image and said second digital
image are normali ed ith respect to magnification b scaling their si es
he method of claim herein the region surrounding the border of said ob
ject is ept dar b not illuminating that region  hereb the image o erlap problem
is a oided and accurac of said distance of said object determination is enhanced
he method of claim herein said object is illuminated b projecting a light
pattern on to it hereb a brightness ariation is pro ided for determination of said
distance of said object e en though said object has uniform re ectance characteristics
he method of claim herein said first normali ed signal and said second
normali ed signal are re ected at their edges to ma ethemt o timeslonger hereb
the e ect of image o erlap problem is diminished
he method of claim herein said is a aussian function
he method of claim herein said is sinc li e and corresponds to
para ial geometric optics
he method of claim herein said stored table is represented in said image
processor b a set of t o parameters corresponding to a linear function
he method of claim herein calculation of said set of focus camera
parameters in step o) is carried out b calculating the mean alue of said calculated
table
he method of claim herein said stored table is represented in said image
processor b a set of three parameters corresponding to a uadratic function
he method of claim herein calculation of said set of focus camera

parameters in step o) is carried out b calculating the mean alue of said calculated









