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(57) ABSTRACT 

Systems and methods in accordance with embodiments of the 
invention actively align a lens stack array with an array of 
focal planes to construct an array camera module. In one 
embodiment, a method for actively aligning a lens stack array 
with a sensor that has a focal plane array includes: aligning 
the lens stack array relative to the sensor in an initial position; 
varying the spatial relationship between the lens Stack array 
and the sensor; capturing images of a known target that has a 
region of interest using a plurality of active focal planes at 
different spatial relationships; scoring the images based on 
the extent to which the region of interest is focused in the 
images; selecting a spatial relationship between the lens stack 
array and the sensor based on a comparison of the scores; and 
forming an array camera Subassembly based on the selected 
spatial relationship. 
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SYSTEMS AND METHODS FOR 
MANUFACTURING CAMERAMODULES 
USING ACTIVE ALGNMENT OF LENS 

STACKARRAYS AND SENSORS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. The current application claims priority to U.S. Pro 
visional Application No. 61/666,852, filed Jun. 30, 2012, the 
disclosure of which is incorporated herein by reference. 

FIELD OF THE INVENTION 

0002 The present invention generally relates to actively 
aligning lens stack arrays with arrays of focal planes. 

BACKGROUND 

0003. In response to the constraints placed upon a tradi 
tional digital camera based upon the camera obscura, a new 
class of cameras that can be referred to as array cameras has 
been proposed. Array cameras are characterized in that they 
include an imager array that has multiple arrays of pixels, 
where each pixel array is intended to define a focal plane, and 
each focal plane has a separate lens stack. Typically, each 
focal plane includes a plurality of rows of pixels that also 
forms a plurality of columns of pixels, and each focal plane is 
contained within a region of the imager that does not contain 
pixels from another focal plane. An image is typically formed 
on each focal plane by its respective lens stack. In many 
instances, the array camera is constructed using an imager 
array that incorporates multiple focal planes and an optic 
array of lens Stacks. 

SUMMARY OF THE INVENTION 

0004 Systems and methods in accordance with embodi 
ments of the invention actively align a lens stack array with an 
array of focal planes to construct an array camera module. In 
one embodiment, a method for actively aligning a lens stack 
array with a sensor that includes a plurality of focal planes, 
where each focal plane includes a plurality of rows of pixels 
that also form a plurality of columns of pixels and each focal 
plane is contained within a region of the imager array that 
does not contain pixels from another focal plane, includes: 
aligning the lens Stack array relative to the sensor in an initial 
position, where the lens stack array includes a plurality of lens 
stacks and the plurality of lens Stacks forms separate optical 
channels for each focal plane in the sensor; varying the spatial 
relationship between the lens stack array and the sensor; 
capturing images of a known target using a plurality of active 
focal planes at different spatial relationships between the lens 
stack array and the sensor, where the known target includes at 
least one region of interest; scoring the images captured by 
the plurality of active focal planes, where the resulting scores 
provide a direct comparison of the extent to which at least one 
region of interest is focused in the images; selecting a spatial 
relationship between the lens stack array and the sensor based 
upon a comparison of the scores of images captured by a 
plurality of the active focal planes; and forming an array 
camera Subassembly in which the lens stack array and the 
sensor are fixed in the selected spatial relationship. 
0005. In another embodiment, scoring the images cap 
tured by the plurality of active focal planes includes comput 
ing modulation transfer function (MTF) scores for the 
images. 
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0006. In yet another embodiment, comparison of the 
scores of images captured by a plurality of the active focal 
planes is based upon: a comparison of the scores of the images 
captured by a plurality of the active focal planes at the 
selected spatial relationship to the scores of images captured 
by the same active focal planes at different spatial relation 
ships; and the variation between the scores of the images 
captured by the active focal planes at the selected spatial 
relationship. 
0007. In still another embodiment, the comparison of 
scores includes omitting from consideration an image cap 
tured by an active focal plane, when the score of the image 
captured by the active focal plane fails to satisfy at least one 
predetermined criterion. 
0008. In a further embodiment, the at least one predeter 
mined criterion includes the score of the image captured by 
the active focal plane being within a predetermined range. 
0009. In a still further embodiment, the method includes 
deactivating an active focal plane, when the image captured 
by the active focal plane is omitted from consideration. 
0010. In yet another embodiment, the comparison of 
scores includes determining a mathematical relationship for 
each of a plurality of active focal planes that characterizes the 
relationship between the scores for the images captured by 
the respective active focal planes and the spatial relationship 
between the lens stack array and the sensor. 
0011. In another embodiment, the comparison of scores 
further includes computing a best-fit plane using the deter 
mined mathematical relationships, where the best-fit plane, 
defines a desirable spatial relationship in accordance with 
predetermined criterion. 
0012. In yet another embodiment, the predetermined cri 
terion includes maximizing scores while minimizing the vari 
ance of the scores. 

0013. In still another embodiment: the known target 
includes a central region of interest and at least one peripheral 
region of interest; the images are scored Such that a score is 
provided for each region of interest visible in each image, the 
score being indicative of the extent to which the respective 
region of interest is focused in the image; the comparison of 
scores includes determining mathematical relationships for 
each of a plurality of active focal planes that characterize the 
relationships between the scores of the extent to which the 
central region of interest is focused in the images captured by 
the respective active focal plane and the spatial relationship 
between the lens stack array and the sensor; and the scores of 
the extent to which the at least one peripheral region of 
interest is focused in the images captured by the respective 
active focal plane and the spatial relationship between the 
lens stack array and the sensor. 
0014. In a further embodiment, the comparison of scores 
further includes computing, using the determined mathemati 
cal relationships: a first best-fit plane that defines a spatial 
relationship between the lens stack array and the sensor based 
on each active focal plane's ability to focus on a central region 
of interest according to predetermined criterion; a second 
best-fit plane that defines a spatial relationship between the 
lens stack array and the sensor based on each active focal 
plane’s ability to focus on the at least one peripheral region of 
interest according to predetermined criterion; and a plurality 
of planes incrementally spaced that lie between the first and 
second best-fit planes. 
0015. In a still further embodiment, selecting a spatial 
relationship between the lens Stack array and the sensor 
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includes using at least one predetermined criterion to select 
one of: a spatial relationship defined by the first best-fit plane, 
a spatial relationship defined by the second best-fit plane, and 
a spatial relationship defined by one of the plurality of planes. 
0016. In a yet still further embodiment, the at least one 
predetermined criterion is based upon: at each spatial rela 
tionship defined by the computed planes, averaging the scores 
indicative of the extent to which the central region of interest 
is focused, the scores being averaged across all active focal 
planes at the respective spatial relationship; at each spatial 
relationship defined by the computed planes, averaging the 
scores indicative of the extent to which the at least one periph 
eral region of interest is focused, the scores being averaged 
across all active focal planes at the respective spatial relation 
ship; and assessing the variation in the determined average 
scores between the spatial relationships. 
0017. In a further embodiment, aligning the lens stack 
array relative to the sensor in an initial position further 
includes: performing an initial Sweep of the lens stack array 
relative to the sensor; capturing an initial set of images of a 
known target including a central region of interest, at varied 
spatial relationships along the initial Sweep, using a plurality 
ofactive focal planes; determining focus scores for the central 
region of interest in a plurality of the captured images; deter 
mining an initial set of mathematical relationships for each of 
the plurality of active focal planes used to capture the initial 
set of images, where the mathematical relationships charac 
terize the relationship between the focus scores and the spa 
tial relationship between the lens stack array and the sensor; 
computing an initial best-fit plane using the initial set of 
mathematical relationships; and aligning the lens Stack array 
with the computed initial best-fit plane. 
0018. In another embodiment, varying the spatial relation 
ship between the lens stack array and the sensor involves 
Sweeping the lens stack array relative to the sensor. 
0019. In still another embodiment, the lens stack array is 
swept in a direction substantially normal to the surface of the 
SSO. 

0020. In a further embodiment, scoring the images cap 
tured by the plurality of active focal planes includes: deter 
mining preliminary scores for the captured images in accor 
dance with a first criterion; determining scores for a related 
set of captured images in accordance with a second criterion; 
and extrapolating the preliminary scores as a function of the 
spatial relationship between the lens Stack array and the sen 
sor based on the scores determined for the related set of 
captured images. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0021 FIG. 1 conceptually illustrates an array camera. 
0022 FIG. 2 illustrates an array camera module. 
0023 FIG. 3 illustrates an array camera module that 
employs a TL filter. 
0024 FIG. 4 conceptually illustrates variations in focal 
length that can occur during the manufacture of a camera 
module using a lens stack array and a sensor in accordance 
with embodiments of the invention. 
0025 FIG. 5 is a flowchart that illustrates a process for 
actively aligning a lens stack array and a sensor including an 
array of corresponding focal planes in accordance with an 
embodiment of the invention. 
0026 FIG. 6 schematically illustrates an initial configura 
tion that may be used to actively align a lens stack array with 
a sensor in accordance with an embodiment of the invention. 
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0027 FIG. 7 illustrates sweeping a lens stack array with 
respect to a sensor in accordance with an embodiment of the 
invention. 
0028 FIG. 8 illustrates a target that may be used during 
active alignment in accordance with many embodiments of 
the invention. 
0029 FIG. 9 is a flowchart that illustrates an active align 
ment process that uses an iterative computation process to 
yield an array camera module that is capable of capturing and 
recording images that have sufficient on-axis and off-axis 
performance in accordance with an embodiment of the inven 
tion. 

DETAILED DESCRIPTION 

0030 Turning now to the drawings, systems and methods 
for actively aligning a lens stack array with an array of focal 
planes on a monolithic sensor in accordance with embodi 
ments of the invention are illustrated. Processes for construct 
ing array cameras usinglens stack arrays are described in U.S. 
patent application Ser. No. 12/935,504, entitled “Capturing 
and Processing of Images. Using Monolithic Camera Array 
with Heterogeneous Imagers’, Venkataraman et al. The dis 
closure of U.S. patent application Ser. No. 12/935,504 is 
incorporated by reference herein in its entirety. The mono 
lithic camera modules illustrated in U.S. patent application 
Ser. No. 12/935,504 can be constructed from a lens stack 
array and a sensor including a plurality of focal planes corre 
sponding to the optical channels in the lens stack array. The 
combination of a lens stack and its corresponding focal plane 
can be understood to be a camera module. Ideally, the lens 
stack array of an array camera is constructed so that each 
optical channel has the same focal length. However, the large 
number of tolerances involved in the manufacture of a lens 
stack array can result in the different optical channels having 
varying focal lengths. The combination of all the manufac 
turing process variations typically results in a deviation of the 
actual ("first order) lens parameters—such as focal length— 
from the nominal prescription. As a result, each optical chan 
nel can have a different axial optimum image location. And 
consequently, since the sensor is monolithic, it typically can 
not be placed a distance that corresponds with the focallength 
of each camera within an array camera module. Notably, 
these manufacturing tolerances may result in different focal 
lengths even as between lens stack arrays fabricated from the 
same manufacturing process. Thus, in many embodiments of 
the invention, a lens stack array is actively aligned with an 
array of focal planes to form an array camera module that is 
designed to address the detrimental impact that the variance 
in focal length within a lens Stack array may have. 
0031. In the context of the manufacture of camera sys 
tems, the term active alignment typically refers to a process 
for aligning an optical system (e.g. a lens stack array) with an 
imaging System (e.g. comprising a monolithic sensor) to 
achieve a final desirable spatial arrangement by evaluating the 
efficacy of the configuration as a function of the spatial rela 
tionship between the optical system and the imaging system. 
Typically, this process is implemented by using the configu 
ration to capture and record image data (typically of a known 
target) in real time as the optical system is moving relative to 
the imaging system. As the optical system is moved relative to 
the imaging system, the spatial relationship between the two 
changes, and the characteristics of the recorded image data 
also change correspondingly. This recorded image data may 
then be used to align the optical system relative to the imaging 
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system in a desired manner. For example, active alignment 
can generally be used to determine a spatial relationship that 
results in a camera module that is capable of recording images 
that exceed a threshold image quality. 
0032. A lens stack array may be actively aligned with an 
array of focal planes in accordance with embodiments of the 
invention. Importantly, active alignment in this context can be 
far more intricate and nuanced than it is in the context of 
conventional, single-lens, cameras. Foremost, because a lens 
stack array is typically embodied in a single integral housing, 
the spatial orientation of an individual lens stack (with respect 
to its corresponding focal plane) cannot be separately varied 
from that of the other lens stacks—instead, varying the spatial 
orientation of one lens Stack invariably changes the spatial 
orientation of the others. Consequently, it may not be possible 
for multiple cameras to be spatially located at their own 
respective most desirable positions. As a result, active align 
ment in the context of array cameras may involve computing 
a final arrangement that, although does not necessarily place 
each camera at its own optimal position, Sufficiently orients 
the lens stacks of multiple cameras so that the array camera 
module as a whole achieves a desirable level of performance. 
0033. Additionally, the active alignment of a lens stack 
array with an array of focal planes typically involves the 
evaluation of the efficacy of multiple cameras—as opposed to 
a single camera—at respective varied spatial relationships. In 
many embodiments, the efficacy of a camera is determined by 
evaluating the camera's captured and recorded images of a 
known target at varied spatial relationships. For instance, the 
Modulation Transfer Function (MTF) score—a numerical 
score that is indicative of a recorded image's sharpness and 
thus also focus—may be determined for a given recorded 
image and used to evaluate a respective camera at a respective 
spatial orientation. Moreover, the recorded images may be 
evaluated at different Regions of Interest (ROIs), and in par 
ticular at different field heights. For example, an MTF score 
may be assigned to each ROI within a recorded image. Thus, 
the corresponding cameras may be evaluated as to each ROI, 
and this evaluation data may be used to conclude a desirable 
array camera module configuration. 
0034. In several embodiments, only a subset of all of the 
cameras in an array camera module is used during the evalu 
ation process. The cameras that define this Subset may be 
predetermined, or they may be computationally determined 
by considering an initial set of image data captured by some 
or all of the focal planes. 
0035. Furthermore, unlike in conventional, single-lens, 
cameras, the active alignment of an array camera module can 
involve strategically disabling cameras. For example, if the 
picture quality of a camera when the array camera module is 
in an estimated final arrangement is below a specified thresh 
old quality, the camera may be disabled. Thus, in many 
embodiments of the invention, the active alignment process is 
initially used to estimate a final arrangement for an array 
camera module, identify cameras that should be disabled on 
the basis that they do not achieve a threshold quality and 
disabling them can improve the overall performance of the 
other cameras in the camera module, and then compute a final 
arrangement wherein the disabled cameras are excluded from 
the computation process. Note that this is possible because an 
array camera includes a plurality of cameras and is still oper 
able if several of the cameras are deactivated. Namely, the 
array camera may be configured to rely on the remaining 
active cameras to function, and synthesize an image based on 
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those remaining active cameras. By allowing the array cam 
era Software to deactivate certain cameras, higher manufac 
turing yields can be achieved that can reduce the cost of the 
completed camera module. 
0036 Array cameras and systems and methods for 
actively aligning lens Stack arrays and sensors to form camera 
modules for use in array cameras in accordance with embodi 
ments of the invention are discussed further below. 

Array Camera Architectures 
0037 FIG. 1 illustrates an array camera architecture dis 
closed in U.S. application Ser. No. 12/935,504. The array 
camera 100 includes an array camera module 110, which is 
connected to an image processing pipeline module 120 and to 
a controller 130. The image processing pipeline module 120 
is hardware, firmware, Software, or a combination for pro 
cessing the images received from the array camera module 
110. The image processing pipeline module 120 is capable of 
processing multiple images captured by multiple focal planes 
in the camera module and can produce a synthesized higher 
resolution image. In a number of embodiments, the image 
processing pipeline module 120 provides the synthesized 
image data via an output 122. 
0038. The controller 130 is hardware, software, firmware, 
or a combination thereof for controlling various operational 
parameters of the array camera module 110. The controller 
130 receives inputs 132 from a user or other external compo 
nents and sends operation signals to control the array camera 
module 110. The controller can also send information to the 
image processing pipeline module 120 to assist processing of 
the images captured by the focal planes in the array camera 
module 110. 
0039. Although a specific array camera architecture is 
illustrated in FIG.1, camera modules constructed using active 
alignment processes in accordance with embodiments of the 
invention can be utilized in any of a variety of array camera 
architectures. Camera modules that can be utilized in array 
cameras and processes for manufacturing camera modules 
utilizing active alignment processes in accordance with 
embodiments of the invention are discussed further below. 

Array Camera Modules 

0040 FIG. 2 illustrates an exploded view of an array cam 
era module formed by combining a lens stack array with a 
monolithic sensor that includes a corresponding array offocal 
planes as disclosed in U.S. application Ser. No. 12/935,504. 
The array camera module 200 includes a lens stack array 210 
and a sensor 230 that includes an array of focal planes 240. 
The lens stack array 210 includes an array of lens stacks 220. 
Each lens stack creates an optical channel that resolves an 
image on the focal planes 240 on the sensor. Each of the lens 
stacks may be of a different type. For example, the optical 
channels may be used to capture images at different portions 
of the spectrum and the lens stack in each optical channel may 
be specifically optimized for the portion of the spectrum 
imaged by the focal plane associated with the optical channel. 
More specifically, an array camera module may be patterned 
with “at filter groups.” The term at filter groups refers to a 
pattern of color filters applied to the lens stack array of a 
camera module and processes for patterning array cameras 
with It filter groups are described in U.S. Patent Application 
Ser. No. 61/641,164, entitled “Camera Modules Patterned 
with IL Filter Groups, Venkataraman et al. The disclosure of 
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U.S. Patent Application Ser. No. 61/641,164 is incorporated 
by reference herein in its entirety. FIG. 3 illustrates a single at 
filter group, wherein 5 lenses are configured to receive green 
light, 2 lenses are configured to receive red light, and 2 lenses 
are configured to receive blue light. The lens stacks may 
further have one or multiple separate optical elements axially 
arranged with respect to each other. 
0041. A lens stack array may employ wafer level optics 
(WLO) technology. WLO is a technology that encompasses a 
number of processes, including, for example, molding of lens 
arrays on glass wafers, stacking of those wafers (including 
wafers having lenses replicated on either side of the substrate) 
with appropriate spacers, followed by packaging of the optics 
directly with the imager into a monolithic integrated module. 
0042. The WLO procedure may involve, among other pro 
cedures, using a diamond-turned mold to create each plastic 
lens element on a glass Substrate. More specifically, the pro 
cess chain in WLO generally includes producing a diamond 
turned lens master (both on an individual and array level), 
then producing a negative mould for replication of that master 
(also called a stamp or tool), and then finally forming a 
polymer replica on a glass Substrate, which has been struc 
tured with appropriate Supporting optical elements, such as, 
for example, apertures (transparent openings in light blocking 
material layers), and filters. 
0043 Although the construction of lens stack arrays using 
specific WLO processes is discussed above, any of a variety 
of techniques can be used to construct lens Stack arrays, for 
instance those involving precision glass molding, polymer 
injection molding or wafer level polymer monolithic lens 
processes. Issues related to variation in back focal length of 
the lens stacks within lens stack arrays are discussed below. 

Back Focal Plane Alignment 
0044 An array camera module is typically intended to be 
constructed in Such a way that each focal plane (i.e. an array 
of pixels configured to capture an image formed on the focal 
plane by a corresponding lens stack) is positioned at the focal 
distance of each lens stack that forms an optical channel. 
However, manufacturing variations can result in the lens 
stack in each optical channel varying from its prescription, 
and in many instances, these variations can result in each lens 
stack within a lens Stack array having a different focal length. 
For example, parameters that may vary amongst individual 
lens stacks in a lens stack array because of manufacturing 
variations include, but are not limited to: the radius of curva 
ture in individual lenses, the conic, higher order aspheric 
coefficient, refractive index, thickness of the base layer, and/ 
or overall lens height. As one of ordinary skill in the art would 
appreciate, any number of lens prescriptions may be used to 
characterize the lens fabrication process, and the respective 
tolerances may involve departures from these prescriptions in 
any number of ways, each of which may impact the back focal 
length. Due to the monolithic nature of the sensor, the spatial 
relationship of the focal planes (with respect to the lens 
stacks) cannot be individually customized to accommodate 
this variability. 
0045 Moreover, in many instances, it is the case that a 
single manufacturing process is used to fabricate a plurality of 
lens stack arrays. Consequently, in addition to the aforemen 
tioned reasons, the back focal lengths may further vary 
between lens stacks from different lens stack arrays fabri 
cated from the same process. For instance, variability (within 
tolerance) in the thickness of the lens Substrates and spacers 
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employed in the lens stack, especially those toward the sensor 
cover glass, may further contribute to the variability in the 
back focallength. Additionally, variability in the (1) thickness 
of the sensor cover glass, (2) the bond line thickness between 
the lens spacer and the sensor coverglass, and (3) any air gaps 
between the sensor and the cover glass, may further exacer 
bate the variability in the back focal lengths. Thus, even with 
constant (nominal) process parameters during the lens stack 
array fabrication and the lens to sensor attachment process, 
sample to sample variation may result in defocused camera 
modules. 
0046. The variations in focal length that can occur in a 
conventional lens stack array are conceptually illustrated in 
FIG. 4. The array camera module 400 includes a lens stack 
array 402 in which lens stacks 404 focus light on the focal 
planes 406 of sensor 408. As is illustrated, variance between 
the actually fabricated lens stack and its original prescription 
can result in the lens stack having a focal length that varies 
slightly from its prescription and consequently an image dis 
tance that does not correspond with the distance between the 
lens stack array and the sensor. Accordingly, the images 
formed on the focal planes of the sensor can be out of focus. 
In addition, other manufacturing tolerances associated with 
the assembly of the array camera module including (but not 
limited to) variations in spacer thickness and alignment of the 
lens stack array relative to the sensor can impact all of the 
optical channels. 

Active Alignment Processes 
0047. In many embodiments, processes for actively align 
ing a lens Stack array with a sensor to construct an array 
camera module involve reading image data captured by mul 
tiple focal planes on the sensor as the lens stack array is 
moved relative to the sensor. The image data can be utilized to 
evaluate the resulting image quality at different spatial rela 
tionships between the sensor and the lens stack array and the 
spatial relationship that provides a predetermined threshold 
level of image quality can be utilized to construct the camera 
module. A process that actively aligns a lens stack array with 
a sensor by generally aligning the two, varying their spatial 
relationship, evaluating the resulting configuration during the 
variation, and configuring the array camera module using the 
evaluation data in accordance with an embodiment of the 
invention is illustrated in FIG. 5. 
0048. A lens stack array is generally aligned (510) with a 
corresponding sensor that has multiple focal planes. The 
combination is aligned so that each camera within the con 
figuration is capable of capturing and recording images. The 
spatial relationship of the lens Stack array with respect to the 
sensor is varied (520). In several embodiments, the variation 
is achieved by Sweeping the lens stack array with respect to 
the sensor. Sweeping can be understood to mean moving one 
component (i.e. either the lens stack array or the sensor) in 
relation to the other over time. Sweeping may be in one 
degree of freedom or it can be across many degrees of free 
dom. As can readily be appreciated, the array nature of the 
camera module means that variations in the X, y, and Z-direc 
tions, and tip/tilt and rotation of the lens stack array with 
respect to the sensor can all have significant impact on the 
imaged data captured by the focal planes on the sensor. Note 
that in many array cameras, focus and consequently sharp 
ness of the cameras is primarily affected by the z-direction 
and the tip/tilt of the lens stack array with respect to the 
sensor, with the tip/tilt principally affecting the performance 
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of the corner cameras. Conversely, in a conventional camera 
that comprises only a single lens stack, the image quality of 
the camera is primarily driven by the optical system's Z-po 
sition with respect to the sensor. In many embodiments, the 
path of the sweep is predetermined. 
0049. The quality of the captured image data is evaluated 
(530) at the varied spatial relationships. For example, in sev 
eral embodiments of the invention, the configuration is inter 
mittently evaluated during a Sweep of the lens stack array with 
respect to the sensor. In many embodiments, the configura 
tion is evaluated by evaluating multiple cameras captured 
and recorded images of a known target at the varied spatial 
relationships. In several embodiments, only a subset of the 
configuration’s cameras is used for evaluation purposes. An 
MTF score may be determined for each recorded image and 
used to evaluate a respective camera at a respective spatial 
orientation. The recorded images may also be evaluated at its 
different ROIs. For example, an MTF score may be assigned 
to each ROI within a recorded image. 
0050. The array camera module is configured (540) using 
the information obtained during evaluation. In some embodi 
ments, the configuration involves concluding a spatial rela 
tionship between the lens stack array and the sensor that 
results in the corresponding array camera module being able 
to capture and record images that exceed a threshold quality. 
The configuration may also involve disabling cameras that do 
not surpass a threshold quality. Again, because array camera 
modules include a plurality of cameras, they can still function 
even when several of the cameras are disabled. The advantage 
of being able to disable a camera is that the average perfor 
mance of the array including the camera may be much lower 
than the average performance of the remaining cameras when 
the disabled camera is excluded from consideration in deter 
mining the appropriate alignment of the lens stack array and 
SSO. 

0051 Although a process, and its variants, have been 
described that actively align a lens stack array with a corre 
sponding array of focal planes, any of a number of different 
processes may be used to actively align a lens stack array with 
an array of focal planes in accordance with embodiments of 
the invention. An initial configuration for an active alignment 
process in accordance with embodiments of the invention is 
discussed below. 
Initial Configuration for Aligning a Lens Stack Array with an 
Array of Focal Planes 
0052 Active alignment processes may begin from any 
number of initial configurations in accordance with embodi 
ments of the invention. An initial configuration for an active 
alignment process where a device that is capable of orienting 
a lens stack array is connected to a lens stack array of a 
corresponding array camera module, a processor is connected 
to the corresponding sensor, and a target is positioned and 
illuminated so that the array camera module can capture and 
record it in accordance with an embodiment of the invention 
is illustrated in FIG. 6. The array camera module 610 includes 
a lens stack array 620 and a sensor 630 that has corresponding 
focal planes. The lens stack array and the sensor are generally 
aligned so that they are capable of capturing and recording 
images of the target 640. A device that is capable of spatially 
orienting the lens stack array 640 is connected to the lens 
stack array 620, and a processor 660 is connected to the 
sensor. Thus, the processor 660 is capable of capturing and 
recording images from the sensor 630, while the orientation 
of the lens stack array 620 is being varied, and the active 
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alignment process can thereby be implemented. The combi 
nation of the device for spatially orienting the lens stack array 
650 and the processor 660 can be understood to be an active 
alignment machine 670. 
0053. In many embodiments, the initial configuration 
involves generally aligning the lens stack array 620 and the 
sensor 630 so as to ensure that the lens stack array 620 and the 
sensor 630 are in sufficient translational and rotational align 
ment such that each lens stack is generally aligned with its 
corresponding focal plane. Translational motion here refers 
to motion of a system (i.e. the lens stack array 620 or the 
sensor 630) in a direction parallel to its respective surface. 
Rotation here refers to rotation of a system about the Z-axis 
(i.e. the axis defining the distance between the sensor and the 
lens stack array) relative to the other. General alignment may 
be achieved by, for example, monitoring a central feature on 
a test chart, and moving either the lens stack array or the 
sensor in translation (with respect to the other system) Such 
that the central feature is centrally located within the central 
camera modules; this would indicate that the systems are in 
Sufficient translational alignment. Either system may then be 
rotated with respect to the other so that the midpoints of each 
lens stack array and its corresponding focal plane define a line 
that runs generally parallel to the Z-axis. During this rota 
tional adjustment, the systems may also be readjusted to 
preserve (or enhance) adequate translational alignment. In 
this way, each lens stack array may be generally aligned with 
its corresponding focal plane. 
0054 Although many embodiments of the invention 
employ the initial configuration illustrated in FIG. 6, many 
other embodiments employ other initial configurations 
appropriate to the requirements of specific applications. In 
accordance with embodiments of the invention, any initial 
configuration may be implemented that allows the spatial 
relationship between the lens stack array and the sensor to be 
varied, and further allows the corresponding array camera 
module to be evaluated, manipulated, and configured based 
on an evaluation of it. The varying of spatial relationships 
between the lens stack array and the sensor in accordance 
with embodiments of the invention is discussed below. 
Varying the Spatial Relationship of the Lens Stack Array with 
Respect to the Sensor 
0055. The spatial relationship between a lens stack array 
and a corresponding sensor may be varied in any number of 
ways. For example, an active alignment process where a lens 
stack array is Swept in a direction Substantially normal to the 
sensor's planar Surface in accordance with embodiments of 
the invention is illustrated in FIG. 7. An array camera module 
700 includes a lens stack array 710 and a corresponding 
sensor 720 with an array of focal planes, and the active align 
ment process sweeps the lens stack array 710 in a predeter 
mined direction 730 substantially normal to the sensor's sur 
face (the Z-direction). Note that Sweeping the lens Stack array 
in this fashion systematically varies the focus of each cam 
era—typically cameras will be swept in focus and then out of 
focus. The array camera module may be evaluated on the 
varied spatial relationships along this Sweep. Active align 
ment processes in accordance with embodiments of the 
invention can also include tipping, tilting, and/or rotating the 
lens stack array with respect to the sensor. In many embodi 
ments, only the distance between the lens stack array and the 
sensor is varied in a Sweep referred to as a “through focus 
sweep' and all relevant calculations to determine the opti 
mum alignment (including centering as well as focus and 
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tip/tilt) are made from images captured during the through 
focus Sweep using the respective curve fittings and center of 
gravity calculations, respectively. As can be appreciated, a 
through focus Sweep of a skewed lens stack array already 
provides information about the optimum tip/tilt of the lens 
stack array relative to the sensor by the appropriate plane 
fitting calculations of the peak focus positions or equalized 
MTF, respectively. These calculations are discussed further 
below. 
0056. In several embodiments, the manner in which the 
spatial relationship varies is computationally determined. For 
example, the manner in which the spatial relationship varies 
may be determined computationally based upon an initial 
evaluation of the array camera module. Additionally, the 
manner in which the spatial relationship varies may change 
during an active alignment process. For instance, after the 
lens stack array has been Swept in a direction Substantially 
normal to the sensor's planar Surface, a processor may com 
pute a different Sweeping path that may facilitate a better 
configuration of the array camera module. 
0057 Although several examples have been described 
related to how the spatial relationship between the lens stack 
array and the sensor may be varied, the spatial relationship 
may also be varied in any number of other ways in accordance 
with embodiments of the invention. The evaluation of the 
array camera module at the varied spatial relationships is 
discussed below. 

Evaluating the Array Camera Module 
0058. In numerous embodiments, evaluating the array 
camera module during the active alignment process involves 
having multiple cameras capture and record images of a 
known target, and evaluating these images. The images may 
be evaluated by assessing their focus, for example. The 
assessment of the focus may be performed in any number of 
ways in accordance with embodiments of the invention. For 
example, in many embodiments, an MTF score may be deter 
mined for a given recorded image. Generally speaking, an 
MTF score is an advantageous metric insofar as MTF scores 
amongst different cameras can be directly compared with one 
another. In some embodiments, a recorded image may be 
given a focus score which can similarly be used to evaluate 
the recorded image. For example, a focus score may be deter 
mined by convolving a kernel over contrasting features in an 
image, where the resulting value is related to the camera's 
ability to focus. Unlike the MTF score, a focus score may not 
necessarily be directly comparable to such scores from dif 
ferent cameras; instead a focus score may be more useful in 
evaluating a single camera. 
0059. The selection of which scoring metric to use may be 
determined, in part, by the speed in which the scores can be 
calculated. For instance, if it takes longer to compute an MTF 
score than to compute a focus score, the focus score may be 
used in the evaluation. The selection of which scoring metric 
to use may also be determined, in part, by the accuracy and 
precision of the score. For instance, if the MTF score is a more 
precise means for evaluating image quality, then it may be 
used to evaluate the camera images. Moreover, the active 
alignment process may utilize several methods of evaluating 
a recorded image, and these methods may not necessarily be 
concurrent. For example, an evaluation based on focus scor 
ing may be initially used, whereas an evaluation based on an 
MTF score may later be used. Additionally, the active align 
ment process may involve relating the different scoring met 
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rics. For example, focus scoring may be used to evaluate the 
set of images recorded by an array camera, and MTF scoring 
may be used to evaluate a representative subset of those 
images. The MTF scores for the subset may then be normal 
ized to the respective focus scores. And this determined rela 
tionship may be used to determine MTF scores for the 
remaining images. 
0060 Additionally, different regions of recorded images 
may be evaluated, thereby providing information on a cam 
era's quality as to specific regions. For example, in certain 
embodiments, images are recorded of a known target that has 
multiple “Regions of Interest' (ROIs), and the cameras 
recorded images of the known target are evaluated with 
respect to each region of interest. FIG. 8 illustrates a known 
target used in accordance with many embodiments of the 
invention. The known target 800 includes a central feature 
810 that highlights a central ROI, also known as an “on-axis' 
ROI. The known target further includes features 820 that 
highlight “off-axis ROIs. The target in FIG. 8 is advanta 
geous in so far as the edges of the features are oriented in Such 
away that the tangential and Sagittal components of the MTF 
score, and thus also the astigmatism, can be directly derived 
and compared to prior lens test data. Thus, many embodi 
ments utilize the known target illustrated in FIG. 8 by evalu 
ating the quality of each camera with respect to each of the 
five ROIs. 

0061 The target illustrated in FIG.8 may also be used in 
determining a focus score. Specifically, the determination of 
a focus score in conjunction with this target may involve 
convolving a kernel over areas of the image with contrasting 
features for each region of interest (e.g. the checkerboard 
patterns 840 or the dark slanted square against the light back 
ground 850), wherein the resulting value is proportional to the 
contrast between the features. For example, the following 
convolution kernel may be employed: 

-1, -1, -1, -1, -1 
-1, -1, -1, -1, -1 
-1, -1, 24, -1, -1 
-1, -1, -1, -1, -1 
-1, -1, -1, -1, -1 

0062. This convolution kernel will yield values that are 
proportional to a cameras ability to resolve contrast. Note 
that the value will either be positive or negative depending on 
whether the region being evaluated is transitioning from light 
to dark or dark to light. However, whether a region of interest 
is transitioning from light to dark or vice versa is irrelevant to 
a cameras ability to focus; therefore the absolute value of 
these values should be obtained. Then, a focus score for each 
ROI may be obtained by averaging these absolute values for 
each ROI. 

0063 Although, FIG. 8 illustrates a particular known tar 
get that may be used in accordance with embodiments of the 
invention, many other embodiments utilize other known tar 
gets appropriate to the requirements of specific applications. 
For instance, the off-axis ROIs may be placed in the corners of 
the target—this allows the performance of the camera to be 
tested at larger field heights. In the illustrated embodiment, 
the ROIs have the advantage that the edges of the features are 
oriented in Such a way that the tangential and Sagittal com 
ponents of the MTF and thus also the astigmatism can be 
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directly derived and compared to prior lens test data. More 
over, although specific examples of how a focus score may be 
generated are provided, any of a variety of techniques can be 
used to generate a focus score. More generally, the evaluation 
techniques herein described are merely illustrative. Any tech 
niques for evaluating the efficacy of an array camera module 
may be incorporated in accordance with embodiments of the 
invention. Using the evaluation data to configure the array 
camera module is discussed below. 

Configuring the Array Camera Module 
0064 Evaluation data may be used to configure the array 
camera module in a number of respects. In many embodi 
ments the array camera module is configured to minimize the 
detrimental impact caused by variance of focal length within 
a lens stack array. As described above, variance within a lens 
stack array may be caused by manufacturing process varia 
tions including (but not limited to) those that affect the fol 
lowing parameters: the radius of curvature in individual 
lenses, the conic, higher order aspheric coefficient, refractive 
index, thickness of the base layer, and/or overall lens height. 
Additionally, as described above, the following manufactur 
ing variations related to the fabrication of multiple lens stack 
arrays and camera modules may further exacerbate the vari 
ability in back focal lengths: the thickness of the lens sub 
strates and spacers employed in the stack, especially those 
toward the sensor cover glass, the thickness of the sensor 
coverglass used, bond line thickness between the lens spacer 
and the Sensor coverglass, and any air gap between the Sensor 
and the sensor coverglass. Thus, many embodiments evaluate 
the quality of each camera as a function of its spatial relation 
ship to the sensor; thereafter, the information is used to orient 
the lens stack array with respect to the sensor So that any 
deterioration in the quality of the array camera due to the 
variance in focallength within the lens stack array is lessened. 
0065. Several embodiments generate mathematical equa 
tions that approximately characterize data related to camera 
quality as a function of spatial relationship, and use the 
derived equations to compute a desired spatial relationship 
that lessens the detrimental impact of variance in focallength. 
For example, Some embodiments generate polynomial equa 
tions that approximately model the focal scoring data. Note 
that because of the nature of optics, each lens will typically 
have a peak focal value, and therefore polynomial equations 
are well suited to characterize the data. In many embodi 
ments, the polynomial equations are generated by determin 
ing coefficients for predetermined generic polynomial equa 
tions (i.e. those with undetermined coefficients), such that the 
resulting equation approximately characterizes the data relat 
ing the camera quality to the spatial relationship. Many 
embodiments then use these derived equations to compute a 
best fit plane that characterizes a spatial relationship that 
reduces the detrimental impact of variance in focal length. 
0066 Notably, the best-fit planes may be computed in any 
number of ways. For instance, the best-fit plane may be com 
puted to be a plane that includes an approximation of the peak 
values of the polynomial equations that characterize focal 
scoring data as a function of the spatial relationship. But, as 
described above, focal scoring data may not necessarily be 
directly comparable across different cameras. Therefore, 
best-fit planes may also be computed by generating equiva 
lent MTF scores, and determining a plane that maximizes the 
mean MTF score while minimizing its variance. Specifically, 
the best-fit planes may be computed to determine a plane 
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wherein the MTF scores amongst the different lens stacks are 
equalized within Some specified tolerance. Moreover, any 
number of balancing algorithms may be employed to effec 
tuate this computation as appropriate to the requirements of a 
specific application. The determination of these planes may 
then be used to facilitate the configuration of the array camera 
module. 

0067. In several embodiments, the configuration process 
involves orienting the lens stack array with respect to the 
sensor to form an array camera module that is capable of 
achieving pictures that have desired characteristics. In some 
embodiments, the lens stack array is oriented with respect to 
the sensor so as to achieve an array camera module that is 
capable of recording images, wherein the quality of the on 
axis aspects of the recorded image exceeds a specified thresh 
old criterion. In several embodiments, the lens stack array is 
actively aligned with respect to the sensor to achieve an array 
camera module that is capable of recording images, wherein 
the quality of the off-axis aspects of the recorded image 
exceeds a specified threshold criterion. Note also that in vari 
ous embodiments, the configuration process may involve dis 
abling cameras that are above a certain threshold quality so as 
to avoid biasing the best fit plane determination. In numerous 
embodiments, the lens Stack array is actively aligned with 
respect to the sensor to achieve an array camera module that 
is capable of recording images, wherein the quality of both 
on-axis and off-axis regions of interest exceed respective 
specified threshold qualities. 
0068. In many embodiments, the configuration process 
involves disabling cameras that perform above or below a 
certain defined threshold quality. Again, because an array 
camera module has many cameras, it is possible for it to 
maintain functionality even when some of its cameras are 
non-functional. In several embodiments, cameras are dis 
abled when their quality, as determined by their ability to 
focus sharply when in a given spatial orientation, is above or 
below a threshold value. For example, some embodiments 
determine whether a camera should be disabled by evaluating 
an MTF score of its respective recorded images. In many 
embodiments, if the number of disabled cameras exceeds a 
specified value, then the array camera module is designated 
unacceptable. In several embodiments, different threshold 
values can be specified for different types of cameras within 
the array camera module. For example, in a number of 
embodiments that employ at filter groups, different threshold 
values can be specified for the green cameras, the red cam 
eras, and the blue cameras. 
0069. In various embodiments, information obtained dur 
ing the evaluation aspect of the active alignment process is 
used to configure the functionality of the each camera. For 
example, if it is determined that a particular camera has a 
focal length that makes it better Suited to record images of 
objects that are at a further distance, the array camera module 
can be configured to rely more heavily on that camera when 
synthesizing recorded images of objects at further distances. 
0070 The above descriptions regarding configuring an 
array camera module in accordance with embodiments of the 
invention is not meant to be exhaustive. Indeed, array camera 
modules can be configured in any number of ways based on 
evaluations of the configuration in accordance with embodi 
ments of the invention. Active alignment processes that con 
figure array camera modules so that they are capable of cap 
turing and recording images that have desirable image 
properties are discussed below. 
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Active Alignment Processes that Yield Array Camera Mod 
ules Capable of Recording Images that have Desirable Char 
acteristics 
0071 Active alignment processes in accordance with 
embodiments of the invention can use a variety of metrics to 
evaluate the image data that is captured during the active 
alignment process. In several embodiments, the active align 
ment process can optimize image quality in specific regions 
of the captured images, can optimize image quality in mul 
tiple regions of interest and/or can utilize a variety of metrics 
including (but not limited to) focus scoring and MTF scoring. 
An active alignment process that uses an iterative computa 
tion process to yield an array camera module that is capable of 
capturing and recording images that have Sufficient on-axis 
and off-axis performance in accordance with an embodiment 
of the invention is illustrated in FIG. 9. 
0072 The process is initially configured (902) so that a 
lens stack array and a corresponding sensor are mounted to an 
active alignment machine in a manner similar to that seen in 
FIG. 6, so that they are generally operable as an array camera. 
This may include generally aligning the lens stack array with 
its corresponding sensor, which itself may include Verifying 
that the lens stack array and the sensor are in Sufficient rota 
tional alignment such that each lens stack is generally aligned 
with its corresponding focal plane, as described above. A 
known target with an on-axis ROI and off-axis ROIs (similar 
to that depicted in FIG. 8) is positioned and illuminated so 
that the array camera module may capture and record its 
image. The initial configuration may also include deactivat 
ing specific cameras in a predetermined fashion so that they 
do not record images during the alignment process. 
0073. The lens stack array is swept (904) in a direction 
normal to the sensor's planar Surface, in a manner similar to 
that seen in FIG. 7, and may be swept for a predetermined 
distance. During the Sweep, the active cameras intermittently 
capture and record (906) images of the known target. The 
processor evaluates (908) the recorded images and assigns a 
focus score for each region of interest in each recorded 
image for each camera. Polynomial equations are derived 
(910) for each region of interest captured by each camera that 
best characterizes the focus score as a function of the cam 
era's distance from the sensor. In some embodiments, the 
polynomial equations are derived by calculating coefficients 
for a given a predetermined generic polynomial equation (i.e. 
a polynomial equation with undetermined coefficients). The 
polynomial equations will typically have a peak value. 
0074 An "on-axis best fit plane' is derived (912) using the 
peak values of the polynomial equations. The on-axis best fit 
plane, is characterized in that it maximizes the peak values 
corresponding to the active cameras and/or minimizes the 
variance in the peak values. 
0075. The lens stack array is then aligned (914) with the 
computed best fit on-axis plane. Each active camera captures 
and records (916) an image of the known target. Each 
recorded image is then evaluated (918) by determining an 
MTF score for each ROI. Cameras that do not meet a thresh 
old MTF score are disabled (920). For example, any cameras 
that do not have an MTF score within 20% of the median 
on-axis MTF score may be disabled, and subsequently 
excluded from further alignment position calculations. This 
threshold may of course be configurable. In other embodi 
ments, other criteria are utilized to determine which cameras 
should be disabled. Moreover, if a specified number of cam 
eras are disabled, the array camera is deemed unacceptable. 
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0076 Assuming the camera is not deemed unacceptable, 
the previously acquired focus scoring data is scaled (922) 
using the peak focus score and MTF scores. For example, the 
MTF Score may be scaled in accordance with the following 
formula: 

Scaled Focus Score=(Focus Score/Peak Focus Score) 
*MTF Score 

0077 where the Z subscript reflects the score at a particular 
Z-position. 
0078. The focus scoring data (absolute values) are expo 
Sure? signal-level dependent. Thus different cameras (e.g. 
blue, green, red cameras) will have different absolute focus 
score peak values due to their different signal levels. How 
ever, MTF is a metric that is invariant to signal level. Thus, 
MTF enables the curves for focus score to be normalized such 
that the curve derived from focus score can also be used to 
compare each camera's peak performance and not only the 
position at which peak performance occurs. In other embodi 
ments, any of a variety of metrics appropriate to a specific 
application can be utilized in determining camera peak per 
formance. 
0079. As before, polynomial curves may then be derived 
(924) that characterize the scaled focus scores. Thus, each 
active camera will be characterized by polynomial equations 
that characterize the camera's ability to resolve each respec 
tive region of interest. Given these new polynomial equations, 
a best-fit on axis plane and a best-fit off axis plane are derived 
(926); in this instance, the best-fit planes are characterized in 
that they approximately maximize the mean MTF scores 
while minimizing their variance. A configurable number of 
planes that are evenly spaced between the two best-fit planes 
(on-axis and off-axis) are computed (928). Scaled focus 
scores for each camera at their respective corresponding posi 
tions along each of those planes are calculated (930). A best 
fit plane determined (932) wherein any deviation toward the 
best-fit off axis plane causes again in the off-axis scaled focus 
score and a loss in the on-axis scaled score, wherein the ratio 
of the off-axis score gain to the on-axis score loss falls below 
a configurable threshold. The lens stack array is then re 
aligned (934) with this computed plane. 
0080. The efficacy of the process is verified (936). This 
may be accomplished by, for example, having each active 
camera record an image of the known target, determining an 
MTF score for each ROI within that image, and ensuring that 
each MTF score surpasses some threshold calculation. 
I0081. The processes described may be iterated (938) until 
a desired configuration is achieved. 
I0082 Although a particular process, and its variants, is 
discussed above, any number of processes may be used to 
achieve an array camera module that is capable of capturing 
and recording images that have adequate on-axis and off-axis 
performance in accordance with embodiments of the inven 
tion. Moreover, although the discussed process regards 
adequately balancing on-axis and off-axis performance of an 
array camera module, active alignment processes can be tai 
lored to achieve any number of desirable picture characteris 
tics in accordance with embodiments of the invention. 
I0083. Although the present invention has been described 
in certain specific aspects, many additional modifications and 
variations would be apparent to those skilled in the art. It is 
therefore to be understood that the present invention may be 
practiced otherwise than specifically described. Thus, 
embodiments of the present invention should be considered in 
all respects as illustrative and not restrictive. 
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What is claimed is: 
1. A method for actively aligning a lens stack array with a 

sensor that includes a plurality of focal planes, where each 
focal plane comprises a plurality of rows of pixels that also 
form a plurality of columns of pixels and each focal plane is 
contained within a region of the imager array that does not 
contain pixels from another focal plane, the method compris 
ing: 

aligning the lens stack array relative to the sensor in an 
initial position, where the lens stack array comprises a 
plurality of lens stacks and the plurality of lens stacks 
forms separate optical channels for each focal plane in 
the sensor; 

varying the spatial relationship between the lens stack 
array and the sensor, 

capturing images of a known target using a plurality of 
active focal planes at different spatial relationships 
between the lens stack array and the sensor, where the 
known target includes at least one region of interest; 

scoring the images captured by the plurality of active focal 
planes, where the resulting scores provide a direct com 
parison of the extent to which at least one region of 
interest is focused in the images; 

Selecting a spatial relationship between the lens stack array 
and the sensor based upon a comparison of the scores of 
images captured by a plurality of the active focal planes; 
and 

forming an array camera Subassembly in which the lens 
stack array and the sensor are fixed in the selected spatial 
relationship. 

2. The method of claim 1, wherein scoring the images 
captured by the plurality of active focal planes, comprises 
computing modulation transfer function (MTF) scores for the 
images. 

3. The method of claim 1 wherein the comparison of the 
scores of images captured by a plurality of the active focal 
planes is based upon: 

a comparison of the scores of the images captured by a 
plurality of the active focal planes at the selected spatial 
relationship to the scores of images captured by the same 
active focal planes at different spatial relationships; and 

the variation between the scores of the images captured by 
the active focal planes at the selected spatial relation 
ship. 

4. The method of claim 1, wherein the comparison of 
scores comprises omitting from consideration an image cap 
tured by an active focal plane, when the score of the image 
captured by the active focal plane fails to satisfy at least one 
predetermined criterion. 

5. The method of claim 4, wherein the at least one prede 
termined criterion includes the score of the image captured by 
the active focal plane being within a predetermined range. 

6. The method of claim 4, further comprising deactivating 
an active focal plane, when the image captured by the active 
focal plane is omitted from consideration. 

7. The method of claim 1, wherein the comparison of 
scores comprises determining a mathematical relationship for 
each of a plurality of active focal planes that characterizes the 
relationship between the scores for the images captured by 
the respective active focal planes and the spatial relationship 
between the lens stack array and the sensor. 

8. The method of claim 7, wherein the comparison of 
scores further comprises computing a best-fit plane using the 
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determined mathematical relationships, where the best-fit 
plane, defines a desirable spatial relationship in accordance 
with predetermined criterion. 

9. The method of claim 8, wherein the predetermined cri 
terion includes maximizing scores while minimizing the vari 
ance of the scores. 

10. The method of claim 1, wherein: 
the known target includes a central region of interest and at 

least one peripheral region of interest; 
the images are scored such that a score is provided for each 

region of interest visible in each image, the score being 
indicative of the extent to which the respective region of 
interest is focused in the image; 

the comparison of Scores comprises determining math 
ematical relationships for each of a plurality of active 
focal planes that characterize the relationships between: 
the scores of the extent to which the central region of 

interest is focused in the images captured by the 
respective active focal plane and the spatial relation 
ship between the lens stack array and the sensor; and 

the scores of the extent to which the at least one periph 
eral region of interest is focused in the images cap 
tured by the respective active focal plane and the 
spatial relationship between the lens stack array and 
the sensor. 

11. The method of claim 10, wherein the comparison of 
scores further comprises computing, using the determined 
mathematical relationships: 

a first best-fit plane that defines a spatial relationship 
between the lens stack array and the sensor based on 
each active focal plane's ability to focus on a central 
region of interest according to predetermined criterion; 

a second best-fit plane that defines a spatial relationship 
between the lens stack array and the sensor based on 
each active focal plane's ability to focus on the at least 
one peripheral region of interest according to predeter 
mined criterion; and 

a plurality of planes incrementally spaced that lie between 
the first and second best-fit planes. 

12. The method of claim 11, wherein selecting a spatial 
relationship between the lens stack array and the sensor com 
prises using at least one predetermined criterion to select one 
of a spatial relationship defined by the first best-fit plane, a 
spatial relationship defined by the second best-fit plane, and a 
spatial relationship defined by one of the plurality of planes. 

13. The method of claim 12, wherein the at least one 
predetermined criterion is based upon: 

at each spatial relationship defined by the computed planes, 
averaging the scores indicative of the extent to which the 
central region of interest is focused, the scores being 
averaged across all active focal planes at the respective 
spatial relationship; 

at each spatial relationship defined by the computed planes, 
averaging the scores indicative of the extent to which the 
at least one peripheral region of interest is focused, the 
scores being averaged across all active focal planes at the 
respective spatial relationship; and 

assessing the variation in the determined average scores 
between the spatial relationships. 

14. The method of claim 1, wherein aligning the lens stack 
array relative to the sensor in an initial position further com 
prises: 

performing an initial Sweep of the lens stack array relative 
to the sensor; 
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capturing an initial set of images of a known target includ 
ing a central region of interest, at varied spatial relation 
ships along the initial Sweep, using a plurality of active 
focal planes; 

determining focus scores for the central region of interest 
in a plurality of the captured images; 

determining an initial set of mathematical relationships for 
each of the plurality of active focal planes used to cap 
ture the initial set of images, where the mathematical 
relationships characterize the relationship between the 
focus scores and the spatial relationship between the 
lens stack array and the sensor, 

computing an initial best-fit plane using the initial set of 
mathematical relationships; and 

aligning the lens Stack array with the computed initial 
best-fit plane. 
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15. The method of claim 1, wherein varying the spatial 
relationship between the lens Stack array and the sensor 
involves Sweeping the lens stack array relative to the sensor. 

16. The method of claim 15, wherein the lens stack array is 
swept in a direction substantially normal to the surface of the 
SSO. 

17. The method of claim 1, wherein scoring the images 
captured by the plurality of active focal planes comprises: 

determining preliminary scores for the captured images in 
accordance with a first criterion; 

determining scores for a related set of captured images in 
accordance with a second criterion; and 

extrapolating the preliminary scores as a function of the 
spatial relationship between the lens stack array and the 
sensor based on the scores determined for the related set 
of captured images. 

k k k k k 


