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(57) Abstract: A method for designing an optical system for providing reliable, robust and

Fig. 4

be obtained.

successful realization of a distortion variation function is presented. In a preferred embodi-
ment, the proposed distortion variation optical system includes at least two non-symmetrical
elements, which are moving in the transverse direction. The proposed freeform lens contains
two transmissive refractive surfaces. The freeform elements designed with this method have
preferably a flat surface and a non-symmetrical freeform surface. The two plano-surfaces are
preferably made to face each other, so that a miniature camera can be offered. The value of
the non-symmetrical freeform surface is used to produce variable optical power when the two
freeform elements undergo a relative movement in the vertical direction. Using this method,
an optical system with an active distortion, smaller form factor, and better imaging quality can
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TITLE OF THE INVENTION

Optical System with Dynamic Distortion Using Freeform Elements

BACKGROUND OF THE INVENTION
[0001] Embodiments of the present invention relate to the field of optical lenses and their
design and, more particularly, to an optical architecture of an optical system and associated
image processing software having at least one movable freeform optical element that can be

laterally shifted for changing refractive power to realize a distortion variation function.

[0002] Optical image capturing systems are found in myriad applications from medical
diagnostic instruments to entertainment, from scientific utilization to civilian use. In optical
image capturing systems, spherical lenses or aspheric lenses are the typical components that are
combined with complementary metal oxide semiconductor sensors for offering high performance

image quality.

[0003] However, most existing optical image capturing systems commonly do not have the
dynamic optical angular resolution function which is useful in many different application
scenarios. Traditional optical image capturing systems using rotationally symmetric components
have limited performance that cannot meet all current technology development demands.
Benefitting from increasing manufacturing capabilities for non-symmetrical optical surfaces,
optical components with freeform surfaces are now available as an alternative technique for

image applications.

[0004] There has therefore been a long felt need for an optical image capturing system
suitable for many application scenarios with the function of distortion variation in a small form

factor.

BRIEF SUMMARY OF THE INVENTION
[0005] Embodiments of the present invention present a method to dynamically control
optical distortion of an optical system in a small form factor, which is well suited for applications
such as smart phones, security cameras, automotive cameras, robotic, drones, loT and other

small-scale imaging systems.

[0006] In a preferred embodiment, the use of at least one and often two or more freeform
lenses offers the variation of distortion with a lateral movement with respect to the optical axis.
Such an optical system offers a compact form factor suitable for using in smart mobile devices,

security, automotive or other applications. In some embodiments, a freeform component pair is
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arranged with one behind the other along the optical axis of the optical system and each freeform
clement has a flat surface and a non-symmetrical freeform surface. Specifically, in one preferred
embodiment, the two plano-surfaces are arranged to face each other to ensure that the freeform

pair do not conflict with each other.

[0007] In an embodiment, optical distortion variation is continuously provided by the optical
system. Movement of one freeform lens relative to the other provides resolution magnification in

the central part of the field of view, in the mid-zone and at the edge of the field of view.
BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The foregoing summary, as well as the following detailed description of a preferred
embodiment of the invention, will be better understood when read in conjunction with the
appended drawings. For illustration purposes, the drawings show an embodiment which is
presently preferred. It should be understood, however, that the invention is not limited to the

precise arrangements and instrumentalities shown.
[0009] In the drawings:

[0010] Fig. 1 shows an example optical layout of an optical system comprising a freeform
element pair with lateral movement perpendicular to an optical axis to dynamically change the

distortion;

[0011] Figs. 2(a) and 2(b) show in perspective view an example of the freeform element pair

as described in Fig. 1;
[0012] Fig. 3(a) shows the freeform element pair in a first configuration;

[0013] Fig. 3(b) shows the resulting clear aperture schematic for the freeform element pair in

the first configuration;

[0014] Fig. 3(c) shows a distortion profile created by the freeform element pair in the first
configuration, with a maximum resolution in a mid-zone between the center and the edge of the

field of view;
[0015] Fig. 4(a) shows the freeform element pair in a second configuration;

[0016] Fig. 4(b) shows the resulting clear aperture schematic for the freeform element pair in

the second configuration;
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[0017] Fig. 4(c) shows a distortion profile created by the freeform element pair in the second

configuration, with a maximum resolution in a zone toward the edge of the field of view;
[0018] Fig. 5(a) shows the freeform element pair in a third configuration;

[0019] Fig. 5(b) shows the resulting clear aperture schematic for the freeform element pair in

the third configuration;

[0020] Fig. 5(c) shows a distortion profile created by the freeform element pair in the third

configuration, with a maximum resolution in a zone toward the center of the field of view;

[0021] Fig. 6 shows an example embodiment in which actuators controlled by a controller

can move the freeform elements; and

[0022] Figs. 7(a)-(f) show multiple examples of configurations of the at least one freeform

element.

DETAILED DESCRIPTION OF THE INVENTION
[0023] The words “a” and “an”, as used in the claims and in the corresponding portions of

the specification, mean “at least one.”

[0024] Fig. 1 shows an example optical layout 100 of an optical system using two movable
freeform elements arranged in tandem to dynamically change the distortion. In this example, the
optical system includes a wide-angle lens made of six refractive elements all made of plastics,
but the optical system according to the present invention is not limited to any specific number of
optical elements, any specific material or any lens shape. For example, in alternative
constructions, the optical systems could be made of a plurality of optical elements in any
combination of refractive and reflective optical elements and be made of any combination of
plastics, glass, crystal or other types of elements. According to the invention, the plurality of
optical elements includes at least one movable freeform element. The optical system could also
have more or less than six optical elements. The optical systems could also include at least one
diffractive optical element, an element with meta-surfaces, a wafer-scale optical element or any
other optical element that can be used to help form an optical image in one or more image planes
from the object, including active deformable elements like a deformable mirror, liquid lens,

liquid crystal lens or the like.

[0025] In this example, the wide-angle half field of view, represented by the angle of the
bundle of rays 132 relative to the central bundle of rays 130, is 62.5°, representing a full field of
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view of 125°. However, this value is just an example of a wide-angle ficld of view, also known
as a panoramic field of view, of an optical system designed according to the method of the
present invention. In all embodiments, the optical image has a total field of view. In a preferred
embodiment, the wide-angle total field of view is larger than 80°. In other embodiments, the
wide-angle field of view is larger than 120°. In other embodiments, the total ficld of view could
be of any value, from extremely narrow field of view to extremely wide field of view. For
example, in some other embodiments according to the present invention, the total field of view
of the optical system could be well under 50°. In another embodiment, the total field of view

could be well over 180°.

[0026] In Fig. 1, the lens has an object side on the left of the layout and an image side on the
right of the layout. In this example layout, from the object side to the image side, the optical
system includes a first element 110 being rotationally symmetrical, a second element 112 being
rotationally symmetrical, an aperture stop 114, a third element 116 being rotationally
symmetrical, a fourth element 118 being of freeform shape, a fifth element 120 being of freeform
shape, a sixth element 112 being rotationally symmetrical, a sensor cover glass 124 that can also
possibly act as a filter to cut a selected part of the light spectrum and an image plane 126, a plane
at which an image sensor is approximately located. According to the method of the present
invention, there can be any number of rotationally symmetrical elements and at least one
freeform optical element. In a preferred embodiment, there are at least two freeform optical
clements. The rotationally symmetrical elements can be of any shape, including spherical or
aspherical. They can be rotationally symmetrical around the optical axis 150 or around any other
axis. The optical system could also include any number of cemented elements forming doublets
or triplets or the like in order to improve the performance of the optical system, including image

quality and chromatic aberrations.

[0027] In this example, there are two freeform optical elements 118 and 120 that can shift
laterally perpendicular to the optical axis 150, illustrated in this example by a translation in the Y
direction, to adjust the distortion of the system as further described at Fig. 3 to Fig. 5. In some
other embodiments, the number of freeform elements could be only one or more than two, up to
the total number of elements. Also, in addition to the moving freeform elements, there could at
least one freeform optical element that is fixed. In some embodiments, all of the optical elements
could be of freeform shapes, with some fixed and some movable. The position of the freeform
clements in the layout 100 is also an example, but these movable freeform elements could be at
any position, including at the front of the system, before the aperture stop, after the aperture stop

or near the image plane. In the example layout 100, the two movable freeform optical elements
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118, 120 are arranged in a tandem configuration, but in other embodiments, there could be at
least one optical element located between them. In this example optical construction, the moving
direction of the elements 118 and 120 is parallel to the XOZ plane. The freeform elements 118,
120 move in opposite orientation in the Y direction in this example, but the movable freeform
clements could move in any direction in order to change the distortion profile of the optical
system, including any combination of translations and rotations. In this example, if the element
118 moves in the positive Y direction, the element 120 moves in the negative Y direction and

inversely.

[0028] The lens in the optical layout 100 has a total track length, represented as the distance
from the vertex of the first optical element 110 to the image plane 124. For consumer electronics
applications of the lens according to the current invention, the total track length is generally less
than 10 mm, but it could be even smaller and be less than 7.5 mm or even less than 5 mm. The
small form factor for this optical system with dynamic distortion profile is possible thanks to the
freeform elements moving in a transverse direction instead of a longitudinal direction. By
moving the freeform elements in a transverse direction, like in the Y direction in this example,
instead of the axial Z direction as would be the case for a classical zoom system, the method
according to the present invention allows to limit the total track length of the optical system,
limiting the total Z-height of corresponding camera modules, which enables use in devices where
the height of the camera system is limited, as in a smartphone. In other applications according to
the present invention, as in an automotive lens or a security lens, the total track length could be

larger than 10 mm.

[0029] The bundle of rays from a central field of view 130 form an image at a location 140 in
the image plane and the bundle of rays from an edge field of view 132 form an image at a
location 142 in the image plane. Not shown on the layout, there are also rays hitting the front
surface at every other field angle, forming a continuous sampling of the object between the
central field of view 130 and the edge field of view 132, these rays forming a continuous image
in the image plane 126. The image in the image plane is not linear with respect to the field angle.
The relation between the image height and the object field angle is called the distribution
function and is defined in two dimensions because the optical system comprises at least one non-
symmetrical freeform element. By taking the mathematical derivative of the image height as a
function of the object angle along any desired axis, a resolution curve along this axis can be
obtained. The resolution curve is often calculated in pixels/degree when the image height is

given in pixels of the image sensor and the field angle in degrees or in pm/degree when the
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image height is given in pm and the field angle in degrees. The resolution curve shows where the

resolution, or the magnification, is minimum and maximum along a designated axis.

[0030] Fig. 2 shows a general indication of the shape of the freeform elements 118 and 120
described in Fig. 1. Again, this representation is only an example showing freeform surfaces that
can be moved to control the distortion of a lens to change, in real-time, the distribution function
and the resolution curve depending on the required application or the object scene content, but
these freeform elements can be of any shape depending on the required distribution function. A
freeform element is an optical element with at least one of its surfaces being a freeform surface.
In Fig. 2(a), the freeform element 200 includes a freeform surface on the object side and a flat
surface on the image side of the complete lens while at Fig. 2 (b), the freeform element 250
includes a flat surface on the object side and a freeform surface on the image side of the
complete lens. In this preferred embodiment example, in no way limiting the scope of the current
invention, the two flat surfaces are next to each other in part to make sure that the freeform pair
do not conflict with each other when translated. An air space between the two optical elements
can be of any thickness as required for creating the desired distribution function. In an alternative
embodiment, the two flat surfaces could be in contact and moving with opposite lateral
translation. In a further alternative embodiment, the freeform surfaces of the clements 118 and
120 can be oriented facing each other and nested with a minimal air gap to form an optical
distortion variation. Alternatively, the two freeform surfaces could each face the object side of
the lens or the image side of the lens. Also, there is no absolute requirement for a flat surface on
a freeform element according to the method of the present invention and the surface on the other
side of the freeform surface on a freeform element could also be a freeform surface or any other

surface shape.

[0031] In this example, since the lenses are designed to be translated along the Y direction,
the freeform element 200 has an asymmetrical surface shape about the XOZ plane, as illustrated
by the cuts 210, 212 and 214 along the Y direction and a symmetrical shape about the YOZ
plane, as illustrated by the cuts 220, 222 and 224 along the X direction. In this example, the cuts
in the X directions go from convex at 220 to flat at 222 and concave at 224, but this is just an
example according to the method of the present invention. Similarly, the freeform element 250
has an asymmetrical surface shape about the XOZ plane, as illustrated by the cuts 260, 262 and
264 along the Y direction and a symmetrical shape about the YOZ plane as illustrated by the cuts
270, 272 and 274 along the X direction. In this example, the cuts in the X direction go from
convex at 274 to flat at 272 and concave at 270, but this is just an example according to the

method of the present invention.
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[0032] Fig. 3 represents a first example configuration for the two movable freeform elements
from the layout of Fig. 1, creating a distortion profile with a maximum resolution in a mid-zone
between the center and the edge of the field of view. At Fig. 3(a), for the sake of illustration, the
simplified optical layout 300 shows only the two freeform elements 310 and 312 from the full
layout previously presented at Fig. 1. In this first configuration, there is zero lateral shift between
freeform elements 310 and 312 with respect to the optical axis 305. Fig. 3(b) shows the resulting
clear aperture schematic 320 for these two freeform elements in a central position. In this case,
the aperture of both elements is centered and the resulting clear aperture 330 is centered and
maximum. Fig. 3(c) then shows the corresponding resolution curve 350 for the full optical
system when the elements 310 and 312 are in this first configuration. The resolution curve 350 is
the mathematical derivative with respect to the field angle of the distribution function relating the
image height from the optical axis with respect to the field of view angle. The resolution curve
350 is normalized in the horizontal axis with respect to the maximum field of view, resulting in a
maximum field of view in this example of 1.0. The resolution curve 350 is also normalized in the
vertical axis with respect to the minimum resolution, so that the minimum resolution value in this
example is 1.0. In this first example configuration, the minimum 360 is located in the center.
There is also a maximum of resolution 362 which is located in a mid-zone between the center of
the field of view and the edge of the field of view. At the edge of the field of view, the resolution
364 is lower than at the maximum 362 and higher than at the minimum 360. This resulting
resolution curve 350 when the freeform elements are in a centered position with respect to the
optical axis will be better understood by referring to Figs. 4 and 5 that show two other

configurations for the freeform elements.

[0033] Fig. 4 describes a second example configuration using the movable freeform elements
of Fig.1, this time for creating a distortion profile with a maximum resolution toward the edge
field of view. At Fig. 4(a), a simplified optical layout 400 shows only the two freeform elements
410 and 412 from the full layout previously presented at Fig. 1. In this second configuration, the
freeform element 410 is translated by a distance Y1 in the negative Y direction with respect to
the optical axis 405 and the freeform element 412 is translated by a distance Y2 in the positive Y
direction with respect to the optical axis. The absolute value of the distance Y1 and the distance
Y2 could be identical or different depending on the shape of the elements. Fig. 4(b) shows the
resulting clear aperture schematic 420 for these two freeform elements in the second
configuration. In this case, the aperture 430 of element 412 is decentered in the positive Y
direction and the aperture 432 of element 410 is decentered in the negative Y direction. The

resulting clear aperture of the system 440 is smaller than the individual apertures 430 or 432.
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Fig. 4(c) then shows the corresponding resolution curve 450 for the full optical system when the
elements 410 and 412 are in this second configuration. The resolution curve 450 is the
mathematical derivative with respect to the field angle of the distribution function relating the
image height from the optical axis with respect to the field of view angle. The resolution curve
450 is normalized in the horizontal axis with respect to the maximum field of view, resulting in a
maximum field of view in this example of 1.0. The resolution curve 450 is also normalized in the
vertical axis with respect to the minimum resolution, so that the minimum resolution value in this
example is 1.0. In this second example configuration, the minimum 460 is located in the center.
There is also a maximum of resolution 462 which is located closer to the edge of the field of
view compared to the maximum 362 from Fig. 3(c). The shift of the resolution curve is the result
of the light rays hitting the freeform surfaces at different locations compared to the first
configuration. At the edge of the field of view, the resolution 464 is lower than at the maximum
462 and higher than at the minimum 460, but in other embodiments, the maximum resolution

value could be at the very edge of the field of view.

[0034] Fig. 5 describes a third example configuration using the movable freeform elements
of Fig.1, this time for creating a distortion profile with a maximum resolution in the center of the
field of view. At Fig. 5(a), a simplified optical layout 500 shows only the two freeform elements
510 and 512 from the full layout previously presented at Fig. 1. In this third configuration, the
freeform element 510 is translated by a distance Y3 in the positive Y direction with respect to the
optical axis 505 and the freeform element 512 is translated by a distance Y4 in the negative Y
direction with respect to the optical axis. The absolute value of the distance Y3 and the distance
Y4 could be identical or different depending on the shape of the elements. Fig. 5(b) shows the
resulting clear aperture schematic 520 for these two freeform elements in the third configuration.
In this case, the aperture 530 of element 510 is decentered in the positive Y direction and the
aperture 532 of element 512 is decentered in the negative Y direction. The resulting clear
aperture of the system 540 is smaller than the individual apertures 530 or 532. Fig. 5(c) then
shows the corresponding resolution curve 550 for the full optical system when the elements 510
and 512 are in this third configuration. The resolution curve 550 is the mathematical derivative
with respect to the field angle of the distribution function relating the image height from the
optical axis with respect to the field of view angle. The resolution curve 550 is normalized in the
horizontal axis with respect to the maximum field of view, resulting in a maximum field of view
in this example of 1.0. The resolution curve 550 is also normalized in the vertical axis with
respect to the minimum resolution, so that the minimum resolution value in this example is 1.0.

In this third example configuration, the minimum 564 is located in the edge of the field of view
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and the maximum of resolution 560 1s located in the center of the field of view. The shift of the
resolution curve compared to Fig. 3 and Fig. 4 is the result of the light rays hitting the freeform

surfaces at different locations compared to the first or second configurations.

[0035] The three example configurations from Fig. 3 to Fig. 5 showed three discrete
positions of the freeform elements creating three different resolution curves. In a preferred
embodiment, the translation of the freeform elements is continuous and there is a resulting
resolution curve for each of the continuous positions, allowing to create a resolution curve with a
continuously movable maximum resolution value across the field of view. Alternatively, in some
other embodiments, the freeform positions creating an image could be limited to only some
discrete positions so that only a pre-determined number of pre-calculated resolution curves could
be achieved. In a preferred embodiment, the resolution value, expressed for example in
micrometers/degree when the image height is expressed in micrometers and the field angle is
expressed in degrees, calculated for at least one field angle in the total field of view, varies by at
least +10% between a first resolution curve and a second resolution curve. The first resolution
curve could be the one with the minimum resolution value, when the freeform elements are in a
first configuration. The second resolution curve could be the one with the maximum resolution
value when the freeform elements are in a second configuration. For example, if an optical
system with the freeform elements positioned in a first configuration has a resolution of 30um/°
at an object field angle for example of 15° from the optical axis and the same optical system with
the freeform elements positioned in a second configuration has a resolution of 45um/° at the
same object field angle of 15°, there is an increase of resolution of +50% using the formula
(MaxValue-MinValue)/MinValue. This value of +50% is well above the minimum requirement
of £10% according to the present invention. In other embodiments according to the present
invention, the resolution varies by at least £25% or even at least £50% between its minimum
resolution value when the freeform elements are in a first configuration compared to its

maximum resolution value when the freeform elements are in a second configuration.

[0036] Fig. 6 shows an example embodiment of the optical system to create distorted images
having dynamically adapting non-linear resolution curves in which actuators controlled by a
controller can move the freeform elements. The full optical and electronic system 600 includes a
mechanical casing 610 holding the optical elements shown previously at Fig. 1 together. This
mechanical casing can be of any material, including metal or plastics. In all embodiments, there
is at least one actuator configured to move the at least one movable freeform element between at
least a first position and a second position different from the first position. In the figure, there is

an actuator 630 that can move the freeform element 620 in the positive or negative Y direction
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and an actuator 635 that can move the freeform element 625 in the positive or negative Y
direction. The actuators moving the freeform elements can be of any shape or using any
technology, including micro-electromechanical systems, voice coil motors, shape memory
alloys, linear actuators, rotary actuators, hydraulic actuators, pneumatic actuators, electric
actuators, thermal actuators, magnetic actuators, mechanical actuators, or the like. In some
embodiments, these actuators can be completely enclosed inside the mechanical casing 610
while in other embodiments, a part of the actuators could extend outside of the mechanical
casing 610 via a hole in the Y direction. In some other embodiments, the two freeform elements
could be moved together in opposite directions with a single actuator and a mechanism linking
the at least 2 freeform elements together. In all embodiments, there is also a controller
configured to control the at least one actuator. In the figure, the actuators 630 and 635 are linked
to a controller 650 via links 640 and 645. The controller could be any hardware device capable of
controlling the position of the freeform elements depending on the resolution curve required,
including depending on the particular application of the lens, movement detected in the object,
particular objects of interest identified in the image, information from internal or external sensors
like a compass, a GPS or an accelerometer, a human user selection (either by conscious direct
input or unconscious input as eye-gazing selection), an algorithm automatically analyzing the
resulting image and automatically selecting the best resolution curve, or any other way to decide
of the best resolution curve at a given time. The controller can be located inside the lens system,
inside the camera, or inside the device in which the camera is located, like a smartphone or a
computer. Alternatively, the controller could also be part of a separate device and the
information about the ideal actuator position can be transmitted via any communication link,

including wireless, via the Internet or the like.

[0037] When the controller instructs the actuator to move the freeform element, it creates a
resolution curve as desired. According to the present invention, when the at least one movable
freeform element is in the first position, the optical image created by the plurality of optical
clements has a first resolution curve and when the at least one movable freeform

element is in the second position, the optical image created by the plurality of optical

clements has a second resolution curve, the first resolution curve being different than the second
resolution curve. In the system, there is a plurality of optical elements configured to create an
optical image at one or more image planes in which the one or more image sensors 615 are
located. The case when there is more than one image plane and more than one imaging sensor
could be for example, but not limited to, a system in which the red, the green and the blue colors

are separated in the system to be imaged on multiple sensors. The plurality of optical
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elements includes at least one movable freeform element. In some embodiments, the optical
system includes an image sensor located at the image plane and the image sensor is configured
to convert the optical image created by the plurality of optical elements into a digital image. The
image sensor transforms the optical image to a digital image by reading and converting the pixels
from the image sensor. Here, the image sensor can be of any kind, including a CMOS or CCD
creating a monochromatic or polychromatic image, but can also be any other kind of sensor
creating some sort of data from focused rays of light in an image plane of the optical system like
a lidar using a single-photon avalanche diode, avalanche photodiode array or any other type of
lidar sensor, a time of flight or any other type of depth sensor, a temperature sensor or any other
kind of electronic sensor converting the input light to a digital image, either inside a digital
image file recorded with any file format (JPG, BMP, TIF, PNG, GIF or any other digital image
file format) or a digital image inside a memory buffer. The input light can be of any kind and
from any part of the spectrum, including, but not limited to, visible light, ultraviolet light,
infrared light, polarized light, light from a laser source, light from diffractive elements or the
likes. With any of these applications, the term distorted optical image created by the optical
system must be understood in this patent to comprise any kind of optical image formed by the
convergence of ray of light in an image plane, including, but in no way limited to, a
monochromatic or polychromatic images, temperature image, depth images, multispectral
information images. Same for the corresponding digital image file from the image sensor, it must
be understood in this patent to comprise any kind of digital image file resulting from the above-
mentioned types of optical image or types of image sensors and is not restricted to any kind of

image.

[0038] The digital image file or memory buffer is linked to a processor 670 via a link 660.
The processor 670 is any hardware able to analyze and process a digital image file, including a
central processing unit (CPU), a graphical processing unit (GPU), an application-specific
integrated circuit (ASIC), a field programmable gate array (FPGA) or any other hardware
capable to process the digital image file. The processor 670 can be located inside the lens system,
inside the camera, or inside the device in which the camera is located, like a smartphone or a
computer. Alternatively, the processor could also be part of a separate device and the information
for the controller can be transmitted via any communication link, including wireless, via the
Internet or the like. In some embodiments according to the present invention, the processor is
configured to process the digital image. When doing so, this processor 670 is configured to
analyze and process the digital image from the optical system and can interpret automatically

how the resolution curve should be modified in order to improve the digital image file received
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from the image sensor 615. The processor can then instruct the controller to cause the at least one
actuator to move the at least one movable freeform element to a different position by
transmitting the information to the controller 650 via a link 680. The link 680 is any way to
transfer information from a device to another, including a physical cable, over the air, via the
Internet or the like. The controller then updates the position of the freeform elements 620 and
625 with the actuators 630 and 635 so that the optical system is in a new configuration. After the
position of the freeform elements is adjusted, the next image captured by the image sensor 615
has the new required resolution curve requested by the processor 670. These iterative steps can
continue in real-time to change continuously the resolution curve depending on the application
and the analyzed content of the digital image file, either in a closed-loop or an open-loop

optimization process.

[0039] In some embodiments according to the present invention, the processor 670 can also
process the received digital image file in order to either display it to a human observer or to send
it to a further algorithm unit that is using the output image such as, but not limited to, any
computer vision algorithm, any artificial intelligence algorithm, any machine learning algorithm,
any depth calculation algorithm (including from stereo image, structured light analysis or from
time of flight sensors), any further image processing or image enhancement algorithm or any
other algorithm that can use the output from the optical system. This further step of processing of
the digital image could include at least partial image dewarping in order to at least partially
correct the non-linear distortion in the image resulting from the adaptable resolution curve. Here,
dewarping is understood to mean any correction, modification, processing or transformation of
the optical distortion in a digital image. This image dewarping step is possible when the
processor 670 knows the distribution function or the resolution curve of the optical system at the
time the digital image file is captured. With calibration or with a lookup table, the processor 670
can know the exact distortion profile for each position of the freeform surfaces and can optimally
process the images. In addition to processing the image distortion, this processing step could also
include any other kind of image processing algorithm, including correction of other aberrations
in the optical systems like the ones that vary dynamically with the position of the freeform
surfaces. When the processor 670 instructs the controller 650 of a given configuration, the
information about the distribution function or the resolution curve can be selected from a lookup
table, a polynomial function with adjusted coefficients or any other way to store the information.
Alternatively, when the controller 650 is configured from an external source other than the
processor 670 to place the freeform elements in a given position to create a specific distribution

function and resolution curve, the controller 650 can send the information about the distribution
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function or the information about the freeform position to the processor. Alternatively, the
camera of the optical system could also write this information in a marker or a watermark visible

or not inside the digital image file or in a meta-data of the digital image file.

[0040] The example optical system presented at Fig. 6 can also be used in a more general
method to create distorted images having dynamically adapting non-linear resolution curves. The
method includes the steps of first creating an optical image in an image plane of the plurality of
optical elements, the optical image having a total field of view and then causing, by the
controller, the at least one actuator to move the at least one movable freeform element. With this
method, when the at least one movable freeform element is in a first position, the optical image
has a first resolution curve and when the at least one movable freeform element is in a second
position, the optical image has a second resolution curve. In this method, the first resolution

curve 1s different than the second resolution curve.

[0041] Fig. 7 shows multiple examples of configurations of the at least one freeform
element. These are just some examples to better understand the possibilities, in no way limiting
the scope of the present invention to the shown examples. At Fig. 7(a), the configuration with
two freeform elements 700 and 705, each having a plano surface and a freeform surface, the two
plano surfaces facing each other, is shown. At Fig. 7(b), the configuration with a single freeform
element 710 having one freeform surface and one plano surface is shown. At Fig. 7(¢c), the
configuration with a single freeform element 720 having two freeform surfaces is shown. At Fig.
7(d), the configuration with two freeform elements 730 and 735, each having a freeform surface
and a non-freeform surface is shown. The non-freeform surface could be of any shape, including
spherical, aspherical or the like. At Fig. 7(¢), the configuration with two freeform elements 740
and 745, each having a plano surface and a freeform surface, the two freeform surfaces facing
cach other, is shown. At Fig. 7(f), the configuration with two freeform elements 750 and 760,
cach having a plano surface and a freeform surface, with at least one other optical element
located between the movable freeform elements represented by the element 755, is shown. This
at least one other optical element located between the movable freeform elements could be of

any shape, including plano, spherical, aspherical, cylindrical, freeform or any other shape.

[0042] In some other embodiments of the present invention, the translation of the freeform
elements in the Y direction to control the resolution curve of the optical system could be
combined with translation in the X or Z directions or rotation around any axis of at least one of
the freeform optical elements for better control on the lens performance (6 degrees of freedom),

including keeping or changing the lens total field of view or improving the image quality by
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increasing the resulting image modulation transfer function (MTF). In some other embodiments,
there could also be at least one more movable optical surface in the optical system, whether a
freeform element or an element with rotational symmetry, that could be moved in either the X, Y
or Z direction in order to better control the image quality, resolution curve or any other optical
performance of the system. This can also be combined with a translation of the image sensor,
including an auto-focus system, in order to maximize the image quality in any region desired for

a given configuration of the freeform elements.

[0043] In some embodiments of the present invention, the aperture stop could include an
adjustable IRIS that can be controlled electronically. By changing the size of the aperture
depending on the configuration of the freeform optical elements, a better control of the
aberrations is possible. For example, in no way limiting the scope of the present invention, the
aperture stop diameter could be smaller when the freeform elements are in an off-centered
position relative to the optical axis and larger when the freeform elements are centered around

the optical axis.

[0044] In all of the embodiments according to the method of the present invention, the
resolution curves in either the X or the Y direction can be symmetrical or not around the value at

the center of the field of view, depending on the shape of the freeform elements.

[0045] In all of the embodiments according to the method of the present invention, the
movable freeform surfaces can have an optical coating applied to them. This coating can vary
across the optical surface, allowing to change the optical properties of the systems when moving
at least one freeform surface since the part of the surface across the light path has a variable

optical coating offering variable performances.

[0046] In other embodiments of the present invention, the optical system is a projection
system projecting an image outside of the optical system instead of an imaging system creating
an optical image on an image sensor of the optical system. In that case, an alternate distribution
function and an alternate resolution curve can be defined, this time linking the angular position
of the image to the height of the source point on the projecting object. In that projection case
instead of imaging case, the method to adjust the resolution curve by moving freeform optical
clements according to the present invention remains the same. In this kind of system, the object
is the display source for creating the projection and the optical image is created by the projected
rays in the scene around the optical system. In this projection case, the image plane might be
different for each field angle. For example, each object in the scene around the optical system

receiving a ray of light from the projection system may define a separate image plane. In such a
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case, the optical image may be distributed across the optical image planes in the scene. This way,
the projection system can adjust the distortion of the system to match the display shape in real-
time even if the display shape change in time or accommodate the size and resolution of the
displayed object depending on the application scenario. For example, the system according to the
present invention could be used in a projection system for an automotive application in which the
projection system with dynamic distortion could be used for example to project signs on the road
of different size or light intensity that vary according to the application. It could also be used to
project a light source in a time-of-flight system or a structured light system. By changing the
projection distortion dynamically, the system could be used to increase the amount of light or
resolution of the target in a specific zone of interest, allowing to improve the calculation of
distance to a target in front of the automotive vehicle based on the detected targets. The system
could run in an open-loop or closed-loop to improve the performance on a zone of interest based

or not on feedback from an algorithm unit.

[0047] In other embodiments according to the present invention, instead of only translation
of the freeform elements, the actuators could move the freeform elements in a purely rotational
movement around any axis, including tilt movement of the freeform elements. More generally,
the actuators can move the freeform elements in any combination of rotation around any axis,
any tilt and any translation in any direction. According to the present invention, the freeform

elements can move with 6 degrees of freedom in the optical system as needed.

[0048] In other embodiments according to the present invention, the optical system is used to
capture at least a first image with higher resolution in a first region of interest and a second
image with higher resolution in a second region on interest, the second region of interest being
different than the first region of interest. The at least two images with higher resolution in their
respective zone of interest are then combined into a single image by a hardware or software
image processing algorithm to create a combined image having higher resolution in the at least
two zones of interest by using the image with the highest resolution in each zone of the

combined image.

[0049] In other embodiments according to the present invention, the optical system with
dynamic distortion is running in a loop with the processor analyzing the resulting digital image.
In that case, it is the processor that instructs the controller of a new position for the movable
freeform element after processing of the digital image. For example, the optical system could be
used in a device that automatically optimizes the distortion profile of the optics in order to

maximize the ability to recognize an object in the scene or any other kind of information the
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algorithm requires. The algorithm could work on maximizing any parameter, for example the
confidence level of a deep learning artificial intelligence algorithm recognizing an object in the
scene. The processor would then instruct the controller to move the movables freeform elements
until the best configuration is achieved for the desired output, similar to what an autofocus trying
to maximize the focus of a camera does but this time optimizing on the distortion instead of the

focus position.

[0050] In a preferred embodiment of the current invention, the total field of view of the
optical image is kept the same when the resolution curve is changed. More precisely, for at least
two positions of the at least one movable freeform element, the total field of view of the optical
image when the at least one movable freeform element is in the first position is the same as the
total field of view of the optical image when the at least one movable freeform element is in the
second position. In other embodiments, in addition to changing the resolution curve, the total
field of view of the optical image could be changed by the move of at least one freeform optical

element.

[0051] There are multiple examples of applications for such an optical system with dynamic
optical distortion. In the consumer electronics industry, including for mobile phones, tablet,
computers or other small electronics, the use of dynamic distortion allows to replace with a
single optical system what would require either multiple cameras to image each zone of interest
of the field of view with equal resolution or either a larger image sensor which increases the size
and cost of the systems and is not desirable especially in consumer electronics applications. By
using freeform surfaces that move in the transverse direction instead of the longitudinal
direction, this allows reducing the size of the system even more, allowing to fit even in the
thinnest of the consumer electronics devices like thin mobile phones. In security or automotive
applications, having a dynamic distortion allowing to create a zone of interest with increased
number of pixels in real-time is useful to better inspect objects seen in that zone, whether it is an
intruder seen by a security camera or an obstacle on the road ahead in an automotive camera.
Again, by using a single optical system with dynamic distortion, the system according to the
present invention allows to either replace multiple cameras with a single camera or to use an
image sensor with a lower total number of pixels. This allows either to reduce the size and cost
by using smaller overall systems when a lower number of total pixels is required or to increase
the low-light sensitivity of the optical systems by using larger pixels on the image sensor since
again a less overall number of pixels is required. Other applications for an optical system
designed according to the method of the present invention includes industrial applications,

acrospace, medical or any other application that can benefit from a system with dynamic optical
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distortion in a compact form factor. One other example of application of an optical system with
dynamic distortion could be in machine perception and robotics, for example in a system to
mimic different types of bioinspired vision systems. One example is a human eye that is able to
adapt the vision to see larger objects when needed, farther objects when needed or to direct the
zone of higher resolution to the direction of the gaze. Such types of optical systems with
dynamic distortion using freeform elements can be used to replicate for example human vision
systems for certain applications such as AR/VR/MR headsets. In other machine perception
application, other bio inspired vision systems can be designed to expand the machine perception

capabilities beyond human vision and perception.

[0052] All of the above figures and examples show the method to adjust the distribution
function and its related resolution curve by using at least one movable freeform element and at
least two freeform elements in a preferred embodiment. These examples are not intended to be
an exhaustive list or to limit the scope and spirit of the present invention. It will be appreciated
by those skilled in the art that changes could be made to the embodiments described above
without departing from the broad inventive concept thereof. It is understood, therefore, that this
invention is not limited to the particular embodiments disclosed, but it is intended to cover
modifications within the spirit and scope of the present invention as defined by the appended

claims.
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We claim:

1. An optical system to create distorted images having dynamically adapting non-linear

resolution curves, the optical system comprising:

a. aplurality of optical elements configured to create an optical image at one or
more image planes, the optical image having a total field of view, the plurality of

optical elements including at least one movable freeform element;

b. at least one actuator configured to move the at least one movable freeform
clement between at least a first position and a second position different from the

first position;
¢. acontroller configured to control the at least one actuator,

wherein when the at least one movable freeform element is in the first position,

the optical image created by the plurality of optical elements has a first resolution curve
and when the at least one movable freeform element is in the second position, the optical
image created by the plurality of optical elements has a second resolution curve, the first

resolution curve being different than the second resolution curve.

2. The optical system of claim 1, further comprising an image sensor located at the image
plane, the image sensor being configured to convert the optical image created by the

plurality of optical elements into a digital image.

3. The optical system of claim 2, further comprising a processor configured to process the

digital image.

4. The optical system of claim 3, wherein the processing of the digital image includes at

least partially dewarping the digital image.

5. The optical system of claim 3, wherein the processor is configured to, after processing of
the digital image, instruct the controller to cause the at least one actuator to move the at

least one movable freeform element to a different position.
6. The optical system of claim 1, comprising two movable freeform elements.
7. The optical system of claim 1, wherein the total field of view is greater than 80°,

8. The optical system of claim 1, wherein the total field of view of the optical image when

the at least one movable freeform element is in the first position is the same as the total
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field of view of the optical image when the at least one movable freeform element is in

the second position.

The optical system of claim 1 having a total track length, the total track length

being less than 10 mm.

The optical system of claim 1, wherein a resolution value for at least one field angle in
the total field of view varies by at least £10% between the first resolution curve and the

second resolution curve.

The optical system of claim 1, wherein the optical image created by the plurality of
optical elements is at least one of a monochromatic image, a polychromatic image, a

temperature image, a depth image, or a multispectral information image.

The optical system of claim 1, wherein the plurality of optical elements are configured to

accept input light in a visible range.

A method to create, by an optical system, distorted images having dynamically adapting
non-linear resolution curves, the optical system comprising a plurality of optical elements
having a total field of view and including at least one movable freeform clement, at least
ong actuator for moving the at least one movable freeform element, and a controller, the

method comprising;

a. creating, by the plurality of optical elements, an optical image in one or more

image planes, the optical image having a total field of view; and

b. causing, by the controller, the at least one actuator to move the at least one

movable freeform element,

wherein when the at least one movable freeform element is in a first position, the optical
image has a first resolution curve and when the at least one movable freeform
element is in a second position, the optical image has a second resolution curve, the first

resolution curve being different than the second resolution curve.

The method of claim 13, wherein the optical system further comprises an image sensor
located at the image plane, the method further comprising converting, by the image

sensor, the optical image into a digital image.
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The method of claim 14, wherein the optical system further comprises a processor, the

method further comprising processing, by the processor, the digital image.

The method of claim 15, wherein the processing of the digital image includes at

least partially dewarping the digital image.

The method of claim 15, further comprising instructing, by the processor after processing
the digital image, the controller to cause the at least one actuator to move the at least one

movable freeform element to a different position.

The method of claim 13, wherein the optical system comprises two movable freeform

clements.
The method of claim 13, wherein the total field of view is greater than 80°.

The method of claim 13, wherein the total field of view of the optical image when the at
least one movable freeform element is in the first position is the same as the total field of
view of the optical image when the at least one movable freeform element is in the

second position.

The method of claim 13, wherein the optical system has a total track length, the total
track length being less than 10 mm.

The method of claim 13, wherein a resolution value for at least one ficld angle in the total
field of view varies by at least +10% between the first resolution curve and the second

resolution curve.

The method of claim 13, wherein the optical image created by the plurality of optical
clements is at least one of a monochromatic image, a polychromatic image, a temperature

image, a depth image, or a multispectral information image.

The method of claim 13, wherein the plurality of optical elements are configured to

accept input light in a visible range.
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