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US 7,493,030 B2 
1. 

ADAPTIVE OPTICAL PLANE FORMATION 
WITH ROLLING SHUTTER 

TECHNICAL FIELD 

The present invention relates to methods and optical 
devices that provide an increased depth of field. 

BACKGROUND 

Traditional photography relies on exposing a planar por 
tion of the film through a fixed focusing lens (or lenses) so that 
an object of interest would be precisely focused on the film. 
The film is disposed perpendicular to an optical axis and 
located at an image distances, behind the lens that matches an 
object distance so at which the object is located in front of the 
lens. Especially in macro photography but to a lesser extent 
with all photography, other objects within the exposed scene 
but at a distance other than the image distance so are out of 
focus on the film. This basic concept prevalent throughout 
film photography continued as digital photography was intro 
duced, using a pixilated array in place of the film. 

FIG. 1 is a prior art Schematic diagram showing a lens 20 
focused on an object located at an infinite object distance, so 
that all light rays 22 incoming to the lens 20 are substantially 
parallel. The lens is assumed thin for certain assumptions. 
The focallength fof the lens 20 is that distance behind the lens 
where parallel light rays entering the lens are focused. The 
image distances, is that distance behind the lens 20 wherein 
light through the lens from a specific object distance so is 
focused. Since the object distance so in FIG. 1 is far (the light 
rays incoming to the lens 20 are substantially parallel), then 
s, f, the image distance is the lens focallength. The sensor 24, 
which may be film, a digital pixilated Surface, a sensing array, 
etc., is positioned at the image distances, so that the particular 
object imaged is in focus. This relation is described by the 
Gaussian (thin) lens formula: 

Foran object located at an infinite distance, so is large and 1/so 
becomes vanishingly small, so fes. FIG. 2A is similar to FIG. 
1, but with the lens 20 moved so that an object at a distance 
So-OO (e.g., less than about 20') is instead focused on the 
sensor 24. The focal length f has not changed between FIGS. 
1 and 2A; it is set by the shape and refractive index of the lens 
20. Movement of the lens 20 or sensor 24 enables focusing of 
non-parallel incoming light rays 22 at the sensor 24, and the 
relation is represented mathematically as 

Sof 
So-f 

FIG. 2B is a photograph (such as one taken with the lens 
arrangement of FIG. 2A) of domino tiles disposed at various 
distances from the lens, and illustrates depth of field. The 
image shows three consecutive domino tiles 25, 26, 27, each 
having a horizontal line and three dots visible above that line. 
The middle of those three domino tiles 26 is located at the 
distance so of FIG. 2A, and is therefore in sharp focus on the 
sensor that we view as FIG.2B. The remaining two 25, 27 of 
those three domino tiles are in acceptable focus, and are 
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2 
located at respective distances so-X and So-X, assuming all 
domino tiles are equally spaced from one another by a dis 
tance X. All other domino tiles are blurred, as they are located 
more than the distance X from so. Critical or precise focus may 
beachieved at only one distance so from the lens 20. In FIGS. 
1-2B, this distance is the object distance so. 
As is evident in FIG.2B, there is a range of distances (six) 

for which focus is acceptably sharp. This Zone of acceptable 
focus is termed depth of field. More technically, the depth of 
field is the region where the size of the circle of confusion is 
less than the resolution of the human eye. The circle of con 
fusion is a term well known in the optical and photographic 
arts, and relates to the fuzziest a point can be and still be 
considered “in focus'. Increasing depth of field has been the 
subject of certain improvements to the arrangements of FIGS. 
1 and 2A. 
One Such prior art arrangement to increase depth offield is 

shown Schematically at FIG. 3. In this arrangement, the sen 
Sor 24 defines a Surface that is tilted and no longer perpen 
dicular to the optical axis 26 defined by the lens 20. An object 
located nearer the top of FIG. 3 is at a distance so from the 
lens 20. Light rays 22a incoming to the lens 20 are not 
parallel, is focused precisely at a portion of the sensor 24 at a 
distances, behind the lens 20. Within the same scene and 
within the same exposure of the sensor is a second object, 
located nearer the bottom of FIG.3 and at a distance so from 
the lens 20. Light rays 22b from this second object are sub 
stantially parallel when they enter the lens 20, and are focused 
precisely on a portion of the sensor 24 that is at a distances, 
behind the lens 20. Becauses, is not equal to s, depth of 
field is increased, i.e. the position of the best focus shifts when 
moving from the top of FIG.3 towards the bottom of FIG. 3. 
The arrangement of FIG. 3 is implemented commercially in 
the Canon(RTS-E 24 mm lens of FIG. 4 allowing to better 
image objects or scenes which appear "tilted’ respect to the 
camera device. This effect is achieved by arranging a tilt angle 
between the imaging lens(es) and the sensor plane either by 
tilting the lens(es) alone or by tilting the sensor itself, as 
described below. 

Another prior art arrangement is described in U.S. Pat. No. 
6,783,068, entitled “Large Depth of Field Line Scan Cam 
era'. In this adaptation, a scanning system utilizes a randomly 
addressable image sensor, which is selectively positioned at 
the Scheimpflug angle in the image plane in order to detect 
focused light reflected from an object. Light reflected from 
the object is focused onto the sensor through an objective 
lens. Since the sensor is mounted at the Scheimpflug angle, 
each strip within the depth of field of the object plane has 
corresponding pixels on the sensor that are in focus. 

U.S. Pat. No. 6,567,126 is entitled “Planar Focus Correc 
tion' and describes a camera that includes a detector array and 
an objective lens arranged to direct optical radiation from an 
object plane onto the detector. The lens defines an optical axis 
of the camera, and the object plane is at an oblique angle. An 
optical axis movement device changes the relative orientation 
of the detector with respect to the lens so that the detector and 
lens may be moved relatively toward or away from each other 
along the optical axis and also tilted with respect to each other 
with at least one degree of freedom. This enables a focus 
detection device, connected to the detector, to detect when a 
portion of an image falling on the detector is in focus, holding 
an in-focus portion of the image in focus until a second 
portion also comes into focus. 

U.S. Pat. No. 6,445,415 is entitled “Increased Depth of 
Field for Photography” and is described as primarily for 
electronic cameras. An image is created electronically from a 
sensor in the camera and is based on a multi photo technique. 
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Several photos are shot with different focused parts of the 
scene Subjects in the respective photo, and a basic image is 
integrated by contributions from the different images. Calcu 
lated image transfers are based on lens- or sensor settings for 
the respective images. 

U.S. Pat. No. 5,282,045 is entitled “Depth of Field Control 
Apparatus and Image Pickup Apparatus Having the Same 
Therein'. In this patent, image signals corresponding to a 
plurality of picture images different in focal point or length 
position are obtained by a mechanism for changing a focal 
point or length position to produce a new image signal by 
composing these image signals through a composition cir 
cuit. Motion information of an object is obtained by a circuit 
for detecting a moving portion in the object to control the 
image composition by the motion information. The focal 
point or length position is moved in Synchronism with an 
integer multiple of a vertical scanning period of the television. 
The image signals corresponding to the plurality of picture 
images, different in focal point or length position, are 
obtained within one vertical scanning period determined by 
the system of the television. The amount of movement of the 
focal point or length position is controlled in conjunction with 
a value of a lens aperture of the camera lens. The image 
composition is controlled by a composition control circuit 
made up of a circuit for detecting individual powers of image 
signals corresponding to a plurality of different picture 
images, a circuit for comparing the detected powers with each 
other, and a circuit for detecting the position of an edge 
included in one of the image signals. A control signal for the 
image composition produced by the power comparison cir 
cuit is compensated by the edge position information 
obtained by the edge detection circuit. 

While interesting, each of the above prior art descriptions 
appear to overlay different planar images of objects within a 
scene to arrive at a composite having a higher depth offield as 
compared to any of the individual planar images. However, 
opticallenses are known to define a Petzval surface or Petzval 
field curvature as shown in FIG. 5. Briefly, a Petzval surface 
is a paraboloidal Surface at which objects lying along a plane 
that is perpendicular to the optical axis are precisely focused 
on the opposed side of the lens 20. Assume a fixed distance of 
so in FIG. 5. Objects at the distance so from the optical center 
32 in front of the lens 20 are along the curved surface 8, and 
absentaberrations are focused precisely at the curved surface 
28 behind the lens 20 as defined by the image distances. 
These curves 8 and 28 are typically spherical, but their shape 
depends upon the lens curvature. Now, flatten the curve 8 to 
a plane that is perpendicular to the optical axis 26 at a distance 
so yielding the object plane 6. For imaging the scene at the 
object plane Öo' at the planar sensor 24, this imposes an 
additional aberration, because objects along the object plane 
Öo are now precisely focused along the Petzval surface 30, 
which further diverges from the (spherical) surface 28. It is 
stipulated that divergence between the planar and curved 
surfaces of FIG. 5 are exaggerated for clarity of illustration. 
The planar sensor 24 now images two orders of aberrations, 
the first due to its non-coincidence with the (spherical) sur 
face 28 defined by the distances, and the second due to its 
non-coincidence with the (paraboloidal) Petzval surface 30. 
The image is focused precisely only at the optical axis, where 
the sensor 24 is tangent to and co-incident with both curved 
surfaces 28, 30. Objects imaged off the optical axis are 
increasingly out of focus. These aberrations are due to field 
curvature. Using the example of FIG. 2B, the best-focused 
domino tile 26 may be precisely focused only at the horizontal 
line of that tile because that line is located along the optical 
axis, while the top and bottom of that same tile 26 are out of 
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4 
focus due to field curvature, though not particularly notice 
able in FIG. 2B. None of the above prior art solutions for 
increasing depth-of-field are seen to offset field curvature, in 
either the first or second order. Whereas a four-lens arrange 
ment known in the art may minimize or even eliminate the 
field curvature illustrated by FIG. 5, such arrangements yield 
a shallow depth of field, because the object distance at which 
precise focus is obtained is merely shifted from a curved to a 
planar Surface without additional optical aberration, yet pre 
cise focus still lies at only one distance from the lens 20. 

SUMMARY 

The foregoing and other problems are overcome, and other 
advantages are realized, in accordance with the presently 
detailed embodiments of these teachings. 

According to one embodiment, the invention is a method 
for imaging a scene. The method includes manipulating an 
optical relationship between an optical lens and an image 
sensing Surface, and exposing different portions of the image 
sensing Surface synchronous with manipulating the optical 
relationship. The optical relationship is manipulated so that 
the image sensing Surface is spaced at different effective 
image distances from the lens. The synchronous actions may 
be adaptive to objects in the scene being imaged, such as 
distance of objects from the lens, brightness of objects to vary 
exposure time of the different portions, and/or speed of object 
movement to vary exposure time of the different portions. 
Exposing different portions of the sensing Surface includes a 
traditional film and shutter arrangement, Voltage integration 
of pixels on a digital sensing Surface, as well as other imaging 
techniques. 

According to another embodiment, the invention is another 
method for imaging a scene. This other method includes 
determining a first and a second object distance between a 
lens and respective first and second objects in a scene. Within 
a continuous exposure frame, a first portion of an image 
sensing Surface is exposed while the image sensing Surface is 
at a first effective image distance from the lens, and a second 
portion of the image sensing Surface is exposed while the 
image sensing Surface is at a second effective image distance 
from the lens. The first and second effective image distances 
correspond to the first and second object distances, generally 
in a known way according to optical characteristics of the lens 
itself. The exposed first and second portions are then com 
bined into a single image. 

According to another embodiment, the invention is a cam 
era that includes a lens, an image sensor Such as photographic 
film or an array of photo-sensitive pixels that form a sensing 
Surface. The camera also includes exposure means for sepa 
rately exposing different portions of the sensing Surface 
within a single exposure frame. The exposure means may be 
a curtain-based rolling shutter or it may be integrating/expos 
ing pixels (or groups or rows of pixels) over different time 
periods within the exposure frame. The camera also includes 
means for manipulating an optical relationship between the 
lens and the sensing Surface so that the sensing Surface lies at 
an image distance that changes. The means for manipulating 
may comprise mechanical linkage to move the lens and sens 
ing Surface relative to one another, or a Voltage source with 
leads to apply a Voltage to a liquid lens, thereby changing its 
shape and effective image distance. The camera includes a 
processor for synchronizing the means for manipulating with 
the exposure means. 

According to another embodiment, the present invention is 
a device that includes a device housing, as well as a lens, an 
image sensor, exposure means and a processor as immedi 
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ately above. The light passing through the lens also enters the 
housing, and the device may be a mobile station. This device 
has an optical manipulation means for maintaining the image 
sensor at an effective image distance from the lens that varies 
over the single exposure frame. 

According to another embodiment, the invention is a pro 
gram of machine-readable instructions, tangibly embodied 
on an information bearing medium and executable by a digital 
data processor, to perform actions directed toward operating 
a camera. The actions include, during an exposure frame 
period, maintaining an image sensing Surface at a variable 
effective image distance from a lens synchronously with 
exposing different portions of the sensing Surface. In some 
embodiments, either or both of maintaining the image sensing 
Surface at the variable effective image distance and exposing 
different portions of the image sensing Surface are adaptive to 
objects in a scene to be imaged at the sensing Surface, such as 
their distance from the lens, their brightness, their speed of 
movement, or other parameters. 

According to another embodiment, the invention is an 
apparatus for adaptively imaging a scene. The apparatus 
includes means for focusing light from a scene, means for 
imaging the focused light such as film or a pixilated array, 
means for determining a first and a second object distance, 
means for differentially exposing selectable portions of the 
sensing Surface to light passing through the means for focus 
ing, means for varying an effective image distance between 
the means for focusing light and the means for imaging, and 
means for synchronizing the means for varying with the 
means for differentially exposing. 

According to yet another embodiment, the present inven 
tion is a method of imaging a scene. This method includes 
imposing on a sensing Surface an effective optical curvature 
that depends from a scene, and imaging the scene at the 
sensing Surface having the effective optical curvature. That 
the curvature is effective means that it need not be embodied 
in a spatial sense. 

Other various aspects, embodiments, and adaptations of 
the invention are disclosed in detail below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other aspects of these teachings are 
made more evident in the following Detailed Description, 
when read in conjunction with the attached Drawing Figures, 
wherein: 

FIG. 1 is a prior art schematic diagram showing focusing of 
an object at a large object distance where incoming light rays 
may be considered as being parallel to one another. 

FIG. 2A is a prior art Schematic diagram showing focusing 
of an object at a shorter distance where incoming light rays 
are not parallel. 

FIG. 2B is an image of domino tiles at different object 
distances, illustrating depth of field. 

FIG. 3 is a prior art Schematic diagram showing a sensor 
surface inclined relative to the optical axis defined by the lens. 

FIG. 4 is a prior art image of a commercial product incor 
porating the concept of FIG. 3. 

FIG. 5 is a prior art schematic diagram illustrating off-axis 
aberrations and a Petzval surface. 

FIG. 6 is a schematic diagram showing a lens and sensor 
that illustrate the optical effect of an embodiment of the 
present invention. 

FIG. 7 is a schematic diagram showing a moveable lens and 
sensor according to an embodiment, which results in the 
optical effect of FIG. 6. 
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6 
FIG. 8 is a schematic diagram showing the concept of a 

rolling shutter for exposing different rows of a sensor accord 
ing to a first lens movement. 

FIG.9 is similar to FIG. 8 but for a second lens movement. 
FIG.10A is a scene showing objects at four different object 

distances. 
FIG. 10B is a sensor surface with outlines of the objects of 

FIG. 10A, illustrating scene adaptive pixel exposure as a 
focusing lens translates. 

FIG. 11 is a schematic block diagram showing a camera 
according to the present invention disposed within a mobile 
station. 

DETAILED DESCRIPTION 

The present invention incorporates in certain embodiments 
a rolling shutter. A focal plane shutter of a traditional 35 mm 
SLR camera creates a slit of variable width by using two 
curtains that travel in front of the photographic film. While the 
rate of the travel is fixed, exposure time is varied by changing 
the time that elapses between the release of the first shutter 
curtain and the release of the second shutter curtain. When the 
camera takes a photograph, the shutter is opened as follows: 
the first curtain is released, and at Some later time (the expo 
sure time), the second curtain is released. The width of the slit 
determines the total time any part of the film is exposed. 

Digital photography uses an array of pixels (e.g., photo 
diodes) along the sensor Surface, which are pre-charged to a 
known voltage prior to “exposure of the sensor, which is 
technically the integration period of the individual pixels. The 
pixels are removed from the source of the pre-charge at the 
start of the integration period, when the actuator for the digital 
camera is depressed. Once the Source of the pre-charge is 
disconnected from the pixels, each pixel leaks charge as a 
function of light (photons) striking that particular pixel. The 
remaining charge at the end of the integration period (typi 
cally at readout of the pixels) is inversely proportional to the 
light to which the pixel was exposed. The remaining charge 
on each pixel is electronically read out and spatially com 
bined with other pixels of the array to construct the digital 
image. 
The concept of rolling shutters in digital photography is 

then removing the pre-charge from a particular group of pix 
els, but not from all pixels in the array. Similarly to the rolling 
shutter of film photography, the pre-charge may be discon 
nected from different horizontal lines of pixels ion a sequen 
tial manner. Each line of pixels then has an integration period 
that is less than the scan period for the entire array; exposure 
of the pixels rolls among the lines. Disconnecting the pre 
charge from a line is analogous to releasing the first curtain of 
a 35 mm SLR camera, and readout (which ends the integra 
tion period) is analogous to releasing the second curtain. The 
term rolling shutter is used herein to refer to both film and 
digital embodiments. Clearly then, exposing different por 
tions of an image sensing Surface (to light through a lens), as 
used herein and in the claims, can be arranged by using a 
separate shutter external to the image sensor (e.g., traditional 
film photography), or without any external shutter using a 
sensor having internal (e.g., a readout integrated circuit) elec 
tronic rolling shutter capability, i.e., a sensor where the expo 
sure of the pixels is defined electronically by how they are 
read out, for example line by line. Because in digital photog 
raphy there is no physical curtain but rather a circuit-based 
Switch between each pixel and the pre-charge source (and 
also between the pixel and readout circuitry), digital cameras 
are not restricted to rolling shutters that are line-based as in 
the above example, but can vary exposure/integration time 
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among individual or distinct groups of pixels even where the 
pixels or groups are not contiguous for sequential exposure 
times. 

To appreciate the statement immediately above, considera 
scene with a first and second object in a foreground, each at a 
fixed object distance so and so from the lens, and a back 
ground at an object distance So-oo from the same lens. 
Assume the first object is in motion, so a shorter exposure 
time is desirable to maintain focus. Neither the second object 
nor the background is in motion, so a longer exposure time 
enhances photo quality due to more photons striking the 
pixels over the increased integration time. Longer exposure 
times are particularly valuable in low light conditions, or 
when an object is dark as compared to a bright background or 
Vice versa. Light from the first object and passing through the 
lens falls primarily on a first set of pixels, and from the second 
object and the background fall primarily on a second and third 
set of pixels, respectively. To roll exposure for the best 
combination of focus and resolution, pre-charge may be dis 
connected from the second and third sets of pixels, then at a 
later time disconnected from the first set, so that exposure/ 
integration is begun at a different time for the first set as 
compared to the second and third sets. Reading out all pixel 
sets at the same time varies the integration period as between 
the first versus the second and third sets. Similarly, exposure 
time may be initiated at the same time for all three sets of 
pixels and terminated (by readout) at different times. 
The integration period may be adaptive to the objects them 

selves (their speed of movement, their distance from the lens, 
etc.). The first object is imaged with a short exposure time/ 
integration period and the second object and background are 
imaged with a longer integration time (movement adaptive). 
Where movement is not electronically sensed at the camera, 
the first and second sets of pixels may be integrated over a 
shorter time as compared to the third set, and the integration 
time for each set may be dependent upon distance from the 
lens (most digital cameras use auto focus). In the latter 
instance (distance adaptive), the first and second sets of pixels 
need not be contiguous along the sensor Surface in order to 
roll exposure, and the integrating periods for the first and 
second sets of pixels may be the same or different from one 
another (if so-so). 

However, rolling exposure alone neither enhances depth of 
field nor corrects field curvature. To correct for field curvature 
(see FIG. 5), prior art solutions generally either use field 
flattening lens arrangements (typically four lenses, three 
positive and one negative), or curve the exposed film or sensor 
surface to more closely match the surfaces 28, 30 of FIG. 5. 
The present invention considers a different way to enhance 
depth of field and correct field curvature that incorporates the 
rolling shutter as above, in either film or digital manifesta 
tions. 

Consider FIG. 6, a schematic view of a lens and sensor 
arrangement that shows the optical effect produced by an 
embodiment of the present invention. The scene 36 is shown 
at the right of FIG. 6 as viewed through the lens 38. In profile 
view, it is clear that the scene 36 is a flat plate angled with 
respect to the optical axis so that a first horizontal Swathao of 
the scene 36 is at a first object distance so from the lens 38, a 
second horizontal swath bo of the scene 36 is at a second 
object distance so, and all other Swaths are at intermediate 
object distances between those two. Statically, precise focus 
through the lens 38 for each swath of the scene 36 occurs 
along the curved sensor surface 40a, which varies between a 
first image distances, and a second image distances. The 
total distance between shortestand longest image distances is 
illustrated as the spand, and in FIG. 6 is that distance between 
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8 
nearest and furthest lines of the curved sensor surface 40a. 
However, the exact curvature of the sensor surface 4.0a and 
the exact spand may be made scene dependent by the present 
invention. 

FIG. 7 illustrates the apparatus according to an embodi 
ment of the present invention used to achieve the optical effect 
of FIG. 6. Rather than curve the sensor surface 4.0a (as in FIG. 
6) in a manner that will produce the optimal result only for 
one relative arrangement of objects/swaths in the scene 36, 
the sensor Surface 40b remains planar (and oriented perpen 
dicular to the optical axis), and the lens 38 is moved the span 
d in order to provide precise focus for a variety of image 
distances between s, and S-d. Though the sensor Surface 
40b is flat, movement of the lens 38 creates the effect of a 
curved sensor surface 40a. It is noted that while the apparatus 
is described as the lens 38 moving relative to the sensor 
Surface 40b, the lens may remain stationary (relative to a 
common housing in which both the sensor and lens are 
mounted) while the sensor is be moved, or both may move in 
synchronism. All Such embodiments are encompassed where 
the lens is said to move relative to the sensor. Also, the sensor 
surface is preferably but not necessarily flat; the present 
invention may be used to impose an effective curvature to the 
sensor Surface regardless of its underlying actual shape. 

In the embodiment of FIG. 7, exposing all of the sensor 
surface 40b while the lens 38 moves relative to that surface 
40b would result in out-of-focus images at those portions of 
the surface 40b for the time periods where the relative dis 
tance between lens 38 and surface 40b are aligned to focus a 
different swath of the scene 36 (e.g., a different image dis 
tance). The present invention solves this dilemma with a 
rolling shutter, as illustrated schematically at FIGS. 8 and 9. 
FIGS. 8 and 9 illustrate the image 42 at the sensor surface 40b, 
which is a vertically flipped version of the scene 36 of FIGS. 
6 and 7. At the right of each of those Figures is a plot of the 
effective (curved) sensor surface 4.0a that results from move 
ment of the lens 38 over the exposure time. The lens 38 is 
capable of movement across a distanced-X where the expo 
Sure time occurs only during movement over the distance d. 
For the vast majority of scenes, d will be less than d+x. To 
alleviate large accelerations and decelerations of the lens 
when it moves, movement of the lens 38 may be initiated prior 
to the start of the exposure time, and stopped following the 
end of the exposure time. The discrepancy between start (and 
stop) of lens movement and start (and stop) of exposure time 
is preferably less than a tenth or a hundredth of a second; the 
purpose is to avoid exposure during the instantaneously large 
accelerations of the lens as it begins and ends movement. 
These large accelerations are expected to induce distortions 
that are much more difficult to control than distortions due to 
constant-velocity movement of the lens 38 (such as where a 
line of the sensing Surface is exposed for a longer period of 
time). Large changes in relative acceleration of the lens 38 
appear unavoidable in situations where the lens 38 moves in 
one direction and reverses during a single exposure of the 
same pixel array or film. Such a reversal of lens direction may 
be avoided as detailed below. 

In each of FIGS. 8 and 9, the image 42 exhibits different 
Swaths, the different Swaths corresponding to objects in the 
scene 36 at a nearer object distance, a further object distance, 
or somewhere in between. The further object (corresponding 
to the swatha, of the FIG. 8 image 42) is focused at a shorter 
image distances, and the nearer object (corresponding to the 
Swath b, of the FIG. 8 image 42) is focused at a longer image 
distance S, 
A simple embodiment where different horizontal lines of 

the actual sensor surface 40b are exposed will first be detailed, 
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and applies for exposure of both traditional film and digital 
pixels. Exposure of the different horizontal rows of the actual 
sensor surface 40b occur within a fixed exposure time T, 
that is identical for each row, in this embodiment. Exposure 
among the rows rolls synchronously with the lens 38. When 
the lens is at the image distances, incoming rays from the 
object b, located at the object distance corresponding to that 
image distance S, is in focus at a row of pixels that are 
exposed at that particular time (while the lens 38 is at the 
image distance S.). When the lens moves to an image dis 
tances, incoming rays from the objecta, located at the object 
distance corresponding to that image distances, is in focus at 
a row of pixels that are exposed at that particular time. As the 
lens 38 moves through position s, the associated line(s) 
is/are exposed, but exposure does not continue as the lens 38 
moves far from that positions. As the lens is in the position 
s, the lines associated with the farther object a, are not 
exposed until the lens 38 is closer to positions, where that 
object a would be in focus. FIG. 8 illustrates the condition 
where the lens 38 moves continuously in one direction during 
a single frame period, such as when imaging the inclined 
plane of FIGS. 6 and 7. A single frame period is the continu 
ous exposure time over which any of the entire array of pixels 
or plate of film is exposed. 

FIG. 9 illustrates a more typical scene, in which objects are 
not disposed continuously along a distance spectrum that 
varies linearly with the horizontal (as in FIG. 8) or vertical. In 
keeping with the convention established with FIGS. 6-8, the 
scene 36 has a horizontal swath b, within which a near object 
is at a distances, that corresponds to an image distances, for 
which that object would be focused on that actual sensor 
surface 40b, a horizontal swatha, within which a far object is 
at a distances that corresponds to an image distances for 
which that object would be focused on that actual sensor 
surface 40b, and in FIG. 9, there is an additional swath c, 
having an object at a distance similar to the Swatha. How 
ever, the Swath b, lies spatially between the Swaths a, and c, in 
the image 42, so the lens must reverse direction of relative 
movement in order to properly focus each, assuming expo 
sure of the lines is identical to that described with FIG.8. As 
will be detailed below, the constraints of such an assumption 
may be avoided in digital photography. The effective sensor 
surface 4.0a is shown to the right of FIG.9. The lens 38 begins 
at the shorter image distancess, where a first line of pixels 
or film is exposed to image the Swath c, over a time period 
T moves toward the longer image distances, where expo 
Sure of the first line has ceased and a second line of pixels or 
film is exposed to image the Swath b, over a similar exposure 
time, and returns back to the shorter image distance SS, 
where a third line of pixels or film is exposed to image the 
Swatha, over an exposure time. As will be appreciated, the 
results of FIGS. 8 and 9 may be achieved in either film or 
digital photography, with the shutter rolling in any direction, 
Vertical, horizontal, or diagonal. Many pixel arrays used in 
digital photography are read out by rows, facilitating a lin 
early rolling shutter. 
When the lens is moved synchronously with a linear rolling 

shutter, the effective curved sensor surface 4.0a is preferably 
along the Petzval curve 30. This curve is measured before 
hand or is available from the lens design itself. In this 
instance, the curvature of the effective sensing surface 40a 
cannot perfectly match the Petzval surface 30 except in the 
plane shown in FIGS. 6-7. This is because the actual Petzval 
Surface is circularly paraboloidal, whereas the lens moves 
only linearly with respect to the actual sensing surface 40b 
and cannot correct for curvature in front of and behind the 
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10 
plane illustrated in FIGS. 6-7. As detailed below, this may be 
overcome in a digital camera embodiment of the present 
invention. 

Depth offield may be extended as compared to the prior art 
by determining object distances in a scene, calculating the 
best fit lens position curve to fit the object distances, and 
taking the picture. In the embodiments of the above descrip 
tions, the best lens curve depends on the orientation of the 
camera itself, and the camera operator can rotate the camera 
to achieve a preferred image (as viewed on a digital view 
finder of a camera). For certain images such as a macro of a 
scene having an insector business card in a very near field, it 
may be preferable to use a shallower depth offield where only 
the object of interest (the insect or business card) is in focus 
and other objects (background) are purposefully out of focus. 
In Such instances, the selected lens curve exhibits focus only 
for the object of interest. 
The above illustrations assume the shutter rolls continu 

ously along sequential lines (horizontal, vertical, diagonal). 
Just as FIG.9 distinguished the lens reversing its travel during 
a single frame period, the shutter may roll back and forth 
during that same frame period. This may cause double expo 
Sure in film, but as described above, digital photography need 
not re-expose the same pixels because it can end integration 
(exposure) on a pixel-by-pixel basis merely by reading out at 
a certain time for any particular pixel (or otherwise storing a 
final Voltage reading or other figure of merit related to Voltage 
decay). Further exposure of that pixel, after readout, may 
further decay retained Voltage, but the controlling electronics 
(e.g., readout circuitry, separate digital signal processor, etc.) 
can merely ignore any further decay. Thus, digital photogra 
phy may expand the rolling shutter to roll along different 
discontinuous sections of pixels to mirror the scene being 
imaged. This may entail reading out different lines of a pixel 
array at different times, or reading out individual pixels of the 
array (where the readout integrated circuit enables individual 
pixel readout rather than the more common readout by rows). 

Consider FIGS. 10A-B. FIG. 10A is a scene and FIG. 10B 
is a sensing surface 40b with pixels (not individually shown) 
matched to certain objects within that scene. The image of 
FIG. 10B is inverted as compared to the scene of FIG. 10A, as 
it would be when the scene is imaged through an optical lens 
38. For simplicity, assume the various objects in the scene 
may be parsed into four distinct object distances, the objects 
represented in FIG. 10B as a, b, c, (two occurrences) and d. 
These objects are at object distances S. S. Sands, with 
matching image distances S. S. S., S. AS is evident in FIG. 
10A, object d, is the near foreground and exhibits the shortest 
object distance; object b, is the stuffed animal and exhibits a 
near-medium object distance; objects c, are the hills and 
exhibit a far-medium object distance; and object a, is the sky 
and exhibits the farthest object distance. So as to maintain the 
four objects as optically distinct, assume that the only light 
rays that may be considered as parallel when incoming to the 
lens 38 are those from the sky, object a. 

Clearly, rolling the shutter along sequential horizontal 
swaths such as those shown in dashed lines 44, 46 will result 
in some portion of the Swath being out of focus. For example, 
if the lens 38 lies at the image distances, while exposing the 
pixels for Swath 44, regions of that Swath 44 that image 
portions of the skya, and hills c, may be out of focus. Instead, 
distance measuring equipment (Such as auto focus apparatus) 
may be used to determine the distance to the different objects, 
and the outline of those objects as in FIG. 10B. Pixels along 
the sensor surface 40b that correspond to the various objects 
are then exposed only when the lens 38 is at the proper image 
distance for that particular object. This enables the lens to 
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avoid reversing its direction of movement during a single 
exposure of the pixilated-array sensing Surface in all 
instances. This is advantageous because the lens movement 
apparatus is necessarily a mechanical system because it trans 
lated the lens 38, whereas adaptive pixel exposure is elec 
tronic and therefore precisely controlled at a lower manufac 
turing cost, and less Subject to failure. 

Consider how a rolling shutter would operate for FIG. 10B 
if it were adaptable to object distances in the scene of FIG. 
10B. The lens 38 translates in only one direction, assume 
away from the sensing Surface 40b. At some minimal time 
period following initiation of lens movement, the lens 38 is at 
image distances, at which time only those pixels within the 
outline of object a, are exposed. For now, assume a constant 
integration time/exposure time T. As the lens moves fur 
ther from the sensing Surface 40b and through the image 
distances, those pixels within the outline of the hills c, are 
exposed, and so forth through the image distancess, and s, 
at which time all exposure ceases and the lens 38 halts move 
ment shortly thereafter. Field curvature is corrected in the 
resulting image to the precision of the distance measuring 
equipment, depth of field is greatly increased because the 
resulting image is made from four image distances rather than 
one, and the same advantage may be extended to any scene, 
regardless of relative positions of the objects therein. 
Now consider varying exposure time of the individual pix 

els. In FIG. 10A, the sky a hills c, and foreground d are 
relatively bright while the central object, the stuffed animalb, 
that is the (aesthetic) focus of the scene, is dark. Film or 
digital, the known prior art would expose all four object for 
the same exposure time/integration time, finding a acceptable 
middle ground where the darker central object b, is exposed 
Sufficiently so as to exhibit some detail in the resulting image, 
but where the peripheral but bright objects a, c, and d are not 
overexposed and bleached. In the digital embodiment, the 
present invention Suffers no Such limitation of constant expo 
sure for all pixels of the sensing surface 40b. As the lens 38 
moves, the pixels corresponding to the darker objects such as 
the stuffed animal b, may be exposed/integrated over a longer 
period of time as compared to the lighter objects such as the 
sky a hills c, and foreground d. More particularly, the 
stuffed animal b, has a dark body but white tusks; pixels 
corresponding to the darker body may be exposed for a longer 
period of time as compared to those corresponding to the 
white tusks to achieve better detail in the body without over 
exposing the tusks. Light sensing equipment is well known in 
the camera arts, and can be used in conjunction with distance 
measuring equipment to determine, prior to the start of any 
frame period, the object distances and relative brightness of 
each object. Brightness of the overall image may be set by 
normalizing the brightness of each pixel or separate sections 
of pixels based on their relative integration times. This is seen 
as a Superior approach to digital enhancement of exiting 
digital images as currently practices, because it is understood 
that current practice is to enhance using generic algorithms 
whereas normalizing brightness after brightness-adaptive 
exposure takes its universe of information from the actual 
scene as captured by the pixels. 
As briefly noted above, exposure time may also be adaptive 

to object motion. Shorter exposure times are necessary to 
accurately focus moving objects, at the cost of brightness. 
Non-moving or slowly moving objects may enable a longer 
exposure time without appreciable loss of sharpness or focus 
in the resulting image. Using known movement detection 
equipment that operates on the same principle as distance 
measuring equipment, movement of different objects within a 
scene may be categorized, and pixels corresponding to the 
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12 
individual objects may be exposed for a short or longer period 
depending upon relative movement of the objects themselves. 
Determining the exact pixels for which a fast-moving object 
is to be captured is merely a matter of extrapolating which 
pixels would image the moving object at the time the lens is at 
that object’s image distance based on (past) detected move 
ment. 

FIG. 11 is a sectional schematic block diagram of a mobile 
station MS 50, such as a cellular telephone, a personal digital 
assistant with two-way communications capability, or any 
other handheld portable device of similar functionality. The 
MS 50 includes a digital signal processor DSP 52, powered by 
a galvanic power source Such as a battery 54 and coupled to 
transducers 55 (speaker) and 56 (microphone). Receiving 
circuitry 58 and transmitting circuitry 60 are coupled through 
a switch or dipole filter 62 to one or more antennas 64. A 
graphical display interface 66 by which a user views text and 
images is controlled by a display driver 68. Similarly, a user 
input pad 70. Such as may include buttons, joysticks, and/or 
touch sensitive areas, is controlled by an input driver 72. 

Computer programs for operating the various Sub-systems 
of the MS 50 are stored in a memory 76, which may be a 
combination of Volatile and non-volatile storage media, pos 
sibly dispersed among various spatial locations within the 
housing 74, which is a computer readable storage media for 
data and programs. Various other buffers, filters, encoders and 
the like are also within the housing 74, but peripheral to the 
invention. One or more detectors 78 penetrate the housing 74 
and are used to measure object distances, object brightness, or 
relative object movement/speed in a scene when the DSP 52 
is in condition to take a picture (image). 

There are several possibilities to measure object distances, 
for example, using the camera and an illuminator creating a 
typically diverging light spot/pattern, wherein the size, posi 
tion or intensity of the spot/pattern is determined from the 
image. It is possible also to use different type of time-of-flight 
measurement principles, that might be implemented either 
optically or using even acoustic principles. In order to mea 
Sure object brightness, one method is to use the camera itself 
for capturing a test image where the brightness of the object is 
then determined. This can be done before the actual final 
image is captured during the framing phase when the user is 
aiming the camera in order to frame the image properly for the 
shot. By capturing several images with different exposure 
times, optimal exposure times for different areas of the image 
can be determined. However, the invention is not limited to 
the above mentioned examples of determining the object 
properties or Suitable exposure levels. 
The DSP is in condition to take a picture when it provides 

a pre-charge to pixels on a pixilated array that form a sensing 
surface 40b at which an image is electronically captured. The 
surface 40b may preferably be directly mounted to a readout 
integrated circuit ROIC 80 or merely coupled electronically. 
The ROIC 80 may control each pixel individually, it may 
control them according to rowS/lines, or it may control them 
according to contiguous groupings (e.g., groups of four pixels 
forming a square, five pixels forming a diamond with one 
pixel in the center, etc.). Integration times for each pixel or 
row or group of pixels may be started and stopped at times 
independent of that for other pixels or rows or groups of 
pixels, based on the design of the readout circuitry. 
A lens 38 is mounted to upper and lower rails 82 and 

translates along the optical axis of the lens by use of mechani 
cal linkage such as an extendable Scissors arrangement or less 
optimally a rotating shaft with a continuous groove about it 
similar to a screw. Such mechanical linkage is well known in 
the art for manually or automatically changing an image 
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distance of a conventional camera lens. The distinction over a 
conventional auto focus camera lens is that the linkage oper 
ates to move the lens during the exposure frame period, rather 
than moving it prior to the start of that exposure frame period. 
A window 84 is aligned with the lens and allows light from a 
scene to pass through the housing 74 and the lens 38 to expose 
various pixels of the Surface 40b. A computer program to 
operate the mechanical linkage in synchronous relation to the 
integration/exposure of the various different pixels along the 
surface 40b is stored in the memory 76 and executed by the 
DSP52. This program may also use inputs from the detectors 
78 to adjust the synchronous lens movement/pixel exposure 
actions according to the scene. Particularly, exposure of cer 
tain pixels may occur when the lens is at an image distance 
corresponding to an object distance measured at the detectors 
78; exposure time for certain pixels may be predicated on an 
objects speed or brightness as determined by the detectors 
78. Various adaptations of this MS-based embodiment are 
also possible, as detailed above. FIG. 11 illustrates only one 
embodiment, the rest of which will be obvious given the 
above detailed description of various adaptations such as 
translating the sensor Surface 40b rather than or in conjunc 
tion with the lens 38; reading out the pixels by row only; and 
using film rather than a pixilated array, among others. 

Further, the effect similar to moving the lens(es) and/or 
sensing Surface, may also be accomplished using a liquid lens 
or other techniques, where the focallength of the lens itself is 
changed by changing the shape or refraction index of the 
optical material of the lens(es). U.S. Pat. No. 6,369.954 
describes an optical lens having two liquids with different 
optical indices, one being conductive and one being non 
conductive. The image distance is changed by applying a 
Voltage to the conductive liquid, which then changes shape so 
that the focal length of the lens itself is changed. In the liquid 
lens arrangement of the U.S. Pat. No. 6,369.954 patent, a first 
image distance arises from a first lens shape. A second image 
distance arises from a second lens shape, even though the first 
and second image distances behind the changed lens at which 
light from different object distances is focused may be iden 
tical. This is true because it is the shape of the lens itself that 
changes, effectively changing the image distance. The same 
result holds where the refractive index of the lens or some 
medium between the lens and the sensor is changed, or other 
embodiments that avoid or reduce the necessity of moving the 
lens and sensor components relative to one another. In all 
cases, the effective image distance is changed. Moving a 
traditional lens relative to the sensing Surface, or changing the 
lens shape or refractive index, or changing the refractive 
index of some medium between the lens and sensing Surface, 
are all ways to change the optical relationship between the 
lens and the sensing Surface So as to maintain the sensing 
Surface at different effective image distances during the imag 
ing of a single scene in a single, continuous exposure of the 
sensing Surface. 

Although described in the context of particular embodi 
ments, it will be apparent to those skilled in the art that a 
number of modifications and various changes to these teach 
ings may occur. Thus, while the invention has been particu 
larly shown and described with respect to one or more 
embodiments thereof, it will be understood by those skilled in 
the art that certain modifications or changes may be made 
therein without departing from the scope and spirit of the 
invention as set forth above, or from the scope of the ensuing 
claims. 
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What is claimed is: 
1. A method comprising: 
manipulating an optical relationship between an optical 

lens and an image sensing Surface so that the image 
sensing Surface is spaced at different effective image 
distances from the lens; and 

exposing different portions of the image sensing Surface 
synchronous with manipulating the optical relationship 
by adaptively exposing said portions for different expo 
sure periods based on detected movement of at least two 
objects. 

2. The method of claim 1, wherein the image sensing 
Surface comprises an array of photosensitive pixels. 

3. A method comprising: 
manipulating an optical relationship between an optical 

lens and an image sensing Surface so that the image 
sensing Surface is spaced at different effective image 
distances from the lens; and 

exposing different portions of the image sensing Surface 
synchronous with manipulating the optical relationship 
by adaptively exposing said portions for different expo 
sure periods based on detected brightness of at least two 
objects. 

4. A method comprising: 
manipulating an optical relationship between an optical 

lens and an image sensing Surface so that the image 
sensing Surface is spaced at different effective image 
distances from the lens; and 

exposing different portions of the image sensing Surface 
synchronous with manipulating the optical relationship, 

wherein the image sensing surface comprises an array of 
pixels in adjacent rows, wherein a first portion of the 
array is exposed while the image sensing Surface is at a 
first effective image distance, and a second portion of the 
array is exposed while the sensing Surface is at a second 
effective image distance, and wherein at least one pixel 
of the first portion is in a same row of the array as at least 
one pixel of the second portion. 

5. The method of claim 4, wherein at least one of manipu 
lating the optical relationship and exposing different portions 
of the image sensing Surface are adaptive to objects in a scene 
to be imaged at the sensing Surface. 

6. The method of claim 4, wherein exposing different por 
tions of the image sensing Surface comprises adaptively 
exposing said portions based on at least a detected first and 
second object distance. 

7. The method of claim 4, wherein manipulating the optical 
relationship comprises manipulating between a first effective 
image distance and a second effective image distance, 
wherein the first and second effective image distances corre 
spond respectively to the first and second object distances. 

8. The method of claim 4, wherein manipulating the optical 
relationship comprises moving at least one of the lens and the 
sensing Surface relative to one another. 

9. A method comprising: 
manipulating an optical relationship between an optical 

lens and an image sensing Surface so that the image 
sensing Surface is spaced at different effective image 
distances from the lens; and 

exposing different portions of the image sensing Surface 
synchronous with manipulating the optical relationship, 

wherein manipulating the optical relationship synchro 
nously with exposing operates to impose an effective 
curvature to the sensing Surface that approximates a 
Petzval surface. 
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10. A method comprising: 
manipulating an optical relationship between an optical 

lens and an image sensing Surface so that the image 
sensing Surface is spaced at different effective image 
distances from the lens; and 

exposing different portions of the image sensing Surface 
synchronous with manipulating the optical relationship, 

wherein manipulating the optical relationship comprises 
altering a shape of the lens. 

11. A method comprising: 
determining a first object distance between a first object in 

a scene and a lens; 
determining a second object distance between a second 

object in the scene and the lens; 
within a continuous exposure frame: 

exposing a first portion of an image sensing Surface 
while the image sensing Surface is at a first effective 
image distance from the lens, where the first effective 
image distance corresponds to the first object dis 
tance, 

exposing a second portion of the image sensing Surface 
while the image sensing Surface is at a second effec 
tive image distance from the lens, where the second 
effective image distance corresponds to the second 
object distance; and combining the exposed first and 
second portions into a single image. 

12. The method of claim 11, wherein the single image is 
displayed on a digital graphical user interface. 

13. The method of claim 11, wherein exposing the first and 
second portion of the image sensing Surface comprises adap 
tively exposing said portions for a first and second exposure 
time based on a detected brightness of the first and second 
objects. 

14. The method of claim 11, wherein exposing the first and 
second portion of the image sensing Surface comprises adap 
tively exposing said portions for a first and second exposure 
time based on a detected speed of movement of the first and 
second objects. 

15. A memory storing a program of machine-readable 
instructions, executable by a digital data processor, to per 
form actions directed toward operating a camera, the actions 
comprising: 

during an exposure frame period, maintaining an image 
sensing Surface at a variable effective image distance 
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from a lens synchronously with exposing different por 
tions of the sensing Surface, wherein the image sensing 
Surface comprises an array of photosensitive pixels. 

16. The memory of claim 15, wherein at least one of main 
taining the image sensing Surface at a variable effective image 
distance and exposing different portions of the image sensing 
Surface are adaptive to objects in a scene to be imaged at the 
sensing Surface. 

17. The memory of claim 15, wherein exposing different 
portions of the image sensing Surface comprises adaptively 
exposing said portions based on at least a detected first and 
second object distance. 

18. The memory of claim 15, wherein maintaining an 
image sensing Surface at a variable effective image distance 
comprises varying between a first and a second image dis 
tance that respectively correspond to the first and second 
object distances. 

19. The memory of claim 15, wherein exposing different 
portions of the image sensing Surface comprises adaptively 
exposing said portions for different exposure periods based 
on detected movement of at least two objects. 

20. The memory of claim 15, wherein exposing different 
portions of the image sensing Surface comprises adaptively 
exposing said portions for different exposure periods based 
on detected brightness of at least two objects. 

21. The memory of claim 15, wherein the program controls 
exposure of the photosensitive pixels according to rows. 

22. The memory of claim 15, wherein the program controls 
exposure of the photosensitive pixels individually. 

23. The memory of claim 15, wherein maintaining an 
image sensing Surface at a variable effective image distance 
synchronously with exposing operates to impose an effective 
curvature to the sensing Surface that approximates a Petzval 
Surface. 

24. The memory of claim 15, wherein maintaining the 
image sensing Surface at a variable effective image distance 
from the lens comprises moving the lens relative to the sens 
ing Surface. 

25. The memory of claim 15, wherein maintaining the 
image sensing Surface at a variable effective image distance 
from the lens comprises changing a shape of the lens. 
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