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(54) Title: ACTIVE ALIGNMENT USING CONTINUOUS MOTION SWEEPS AND TEMPORAL INTERPOLATION

(57) Abstract: Methods and apparatus for actively aligning a first
optical element, such as a lens, to a second optical element, such as
an image sensor, use continuous scans, even absent a synchroniza
tion signal from one of the optical elements. During a scan, timed
position information about the scanned optical element is collected,
and then a relationship between position of the scanned optical ele
ment and time is estimated, such as by fitting a curve to a set of posi
tion-time pairs. This relationship can then be used to estimate loca
tions of the scanned optical element at times when image data or
other alignment quality-indicating data samples are acquired. From
this alignment quality versus location data, an optimum alignment
position can be determined, and the scanned optical element can
then be positioned at the determined alignment position.
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ACTIVE ALIGNMENT USING CONTINUOUS MOTION SWEEPS
AND TEMPORAL INTERPOLATION

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent Application No.

61/623,932, filed April 13, 2012, titled "Active Alignment Using Continuous Motion Sweeps and

Temporal Interpolation."

TECHNICAL FIELD

[0002] The present invention relates to automatic robotic alignment of optical components

during manufacture or testing and, more particularly, to apparatus and methods that involve

continuous motion sweeps of the optical components through potential alignment positions to

optimize placement of the optical components.

BACKGROUND ART

[0003] Robots are used in many precision manufacturing processes. For example, robots are

used to precisely align lenses before digital camera sensors, such as in the manufacture of cell

phones and backup cameras for automobiles. In other examples, robots align ends of optical fibers

before lasers or light sensors in the manufacture of telecommunication and computer network

equipment. Many of the lenses are quite small, on the order of several millimeters in diameter, and

must, therefore, be positioned with high precision, often on the order of about ±5 µιη or less,

relative to the sensors or lasers.

[0004] To keep costs down, less-than-precise methods are often used to manufacture optical

elements for the lenses and to mount the optical elements in lens housings. Consequently, the

optical elements and lenses are often not uniform, from piece to piece. That is, dimensions and

symmetries of the components often vary from lens to lens or other optical components, resulting in

variations in focal length and orientation of the optical axes of the components.



[0005] To compensate for such variations, several known methods are used to custom align

each lens to its corresponding image sensor. One method involves mounting a finely threaded

bracket to the sensor and mounting a group of optical elements in a complementarily threaded

barrel. The distance between the optical elements and the sensor can then be adjusted as the lens

barrel is threaded into the bracket. Once the optical elements are disposed a desired distance from

the sensor, the barrel may be fixed, relative to the bracket, to prevent further rotation. Unfortunately,

this method allows adjustment of only the distance between the optical elements and the sensor

along the z axis (the optical axis). Thus, this method is referred to as aligning with only one degree

of freedom. Such an alignment methodology cannot compensate for all potential asymmetries in the

optical elements or imperfect alignment of the optical elements within the barrel.

[0006] A more sophisticated method, developed by Automation Engineering, Inc. ("AEi"),

Wilmington, MA, involves attaching the lens barrel (which in this case does not require threads) to

the image sensor or its substrate or a camera housing that includes the image sensor by an adhesive

with camera module or other opto-electronic product component geometries such that more than

one degree of freedom alignment is possible. The position of the lens barrel, relative to the image

sensor, is adjusted in free space by a robot, which then holds the lens barrel in position until the

adhesive cures sufficiently to prevent objectionable creep once the robot releases the lens barrel.

Using this method, the position of the lens may be adjusted along all three linear axes (x, y and z),

and pitch (rotation about the x axis) and roll (rotation about the y axis) of the lens may be adjusted,

to achieve a lens position and orientation, relative to the sensor, that compensates for imperfections

in the optical elements and in the way the optical elements are mounted within the barrel with

respect to the position of the image sensor. This method is referred to as aligning about five degrees

of freedom.

[0007] A refinement of this method, also develop by Automation Engineering, Inc.,

involves the robot rotating the lens about the optical axis of the lens or about the z axis to optimize

image quality, to compensate for angular lens asymmetries in this axis. Note that alignment about

the optical or z axis is generally not possible with the threaded barrel alignment method, because it

is highly unlikely to simultaneously achieve both a desired lens-to-sensor spacing (by threading the

barrel in or out) and a desired lens rotation angle (by rotating the barrel). Adding this refinement to

the 5-degree of freedom alignment method provides a 6-degree of freedom alignment.



[0008] "Passive alignment" involves aligning components to each other based on design

specifications of the components, using precision mechanical fixtures, tooling, physical

characteristics (fiducials) on surfaces of components and the like. For example, a target design focal

length of a lens may be used to position the lens, relative to a sensor. However, passive alignment

assumes components perfectly conform to their theoretical design specifications. This, of course,

does not typically occur with real-world products. Thus, passive alignment methods are typically

unable to compensate adequately for piece-to-piece variations in components, such as lenses, unless

each piece is individually tested to ascertain its actual specifications.

[0009] In contrast, "active alignment" involves measuring one or more key performance

attributes of a combination of components during manufacture and using the measured attributes in

a feedback loop to control the manufacture. For example, a visual target, such as a test pattern, may

be disposed within a viewing angle of a lens-and-image-sensor combination while a robot steps the

lens through a series of discrete positions (ex., along the x, y and z axes) and orientations (ex., tips,

tilts and rotations about the z axis). A computer analyzes image data from the sensor at each step

and, based on this analysis, the computer controls the robot to position and orient the lens for

optimum image quality. The lens is then fixed in position, relative to the sensor, such as by an

adhesive. Active alignment is, therefore, able to compensate for piece to piece variations in

components.

[0010] While active alignment requires hardware and software not necessary for passive

alignment, active alignment may not necessarily be more expensive than passive alignment. For

example, active alignment can often be performed using less accurate and, therefore, less expensive

fixturing and motion stages in a given manufacturing station. Active alignment can also provide

higher manufacturing yield, which results in reduced manufacturing costs. However, stepping

through all the test positions and orientations takes time. Manufacturers constantly seek to shorten

cycle times and, thus, speed up manufacturing processes.

[0011] U.S. Pat. Publ. No. 2005/0007485, titled "Camera Module with Focus Adjustment

Structure and Systems and Methods for Making the Same," by Dietrich W. Vook, et al, discloses a

camera module with focus adjustment structures. A deformable focus adjustment structures is

disclosed.



[0012] U.S. Pat. No. 8,063,975, titled "Positioning Wafer Lenses on Electronic Imagers,"

by Andrew Butterfield, et al, discloses using a viscous adhesive to attach a lens to an electronic

imager, outside an optical path.

[0013] U.S. Pat. Publ. No. 2012/0019940, titled "Vehicular Camera and Lens Assembly,"

by Yuesheng Lu, et al, discloses various means for aligning and mounting a camera lens to an

imager.

SUMMARY OF EMBODIMENTS

[0014] An embodiment of the present invention provides a computer-implemented method

for actively aligning a first optical element to a second optical element. The method involves

performing operations by a processor. A robot continuously scans the first optical element along a

trajectory from a starting location to an ending location. While the robot continuously scans the first

optical element from the starting location to the ending location, a plurality of time spaced-apart

positions of the first optical element are stored. In addition, a plurality of time spaced-apart

alignment data items is acquired. Each alignment data item of the plurality of time spaced-apart

alignment data items results from an optical signal that passed through the first optical element and

was received by the second optical element. Each alignment data item contains data indicative of a

degree of optical alignment between the first optical element and the second optical element. A

desired alignment position is estimated. The estimate is based at least in part on the plurality of time

spaced-apart alignment data items and the plurality of time spaced-apart positions of the first optical

element. The robot moves the first optical element to the desired alignment position.

[0015] For each alignment data item, a corresponding position of the first optical element

may be stored in timed relation with acquiring image data for the alignment data item.

[0016] Optionally, for each alignment data item, a synchronization signal may be generated

in timed relation with acquisition of the alignment data item.

[0017] For each position of the plurality of time spaced-apart positions, a position of the

first optical element may be stored in response to the synchronization signal.

[0018] Optionally, a relationship may be estimated between: (a) degree of optical alignment

between the first optical element and the second optical element and (b) position of the first optical

element. The relationship may be estimated based on the plurality of time spaced-apart alignment



data items and the plurality of time spaced-apart positions of the first optical element. Estimating the

desired alignment position may be based on the relationship.

[0019] The second optical element may include a digital image sensor. For each alignment

data item of the plurality of time spaced-apart alignment data items, image data may be acquired for

a respective image from the digital image sensor, and the synchronization signal may be generated

in timed relation with acquiring the image data.

[0020] The digital image sensor may generate the synchronization signal.

[0021] For each position of the plurality of time spaced-apart positions of the first optical

element, a corresponding acquisition time at which the position was acquired may be stored. A first

relationship between: (a) position of the first optical element and (b) time may be estimated, based

on the plurality of time spaced-apart positions of the first optical element and the respective

acquisition time of each position. A plurality of positions of the first optical element may be

estimated, corresponding to times when respective ones of the time-spaced apart alignment data

items were acquired. The estimate may be made using times at which the time spaced-apart

alignment data items were acquired and the first relationship. A second relationship between: (a)

degree of optical alignment between the first optical element and the second optical element and (b)

position of the first optical element may be estimated. The estimate may be based on the plurality of

time spaced-apart alignment data items and the plurality of positions of the first optical element.

Estimating the desired alignment position may involve estimating the desired alignment position

based on the second relationship.

[0022] Storing a corresponding acquisition time may involve accessing a first clock.

Acquiring the plurality of time spaced-apart alignment data items may involve, for each alignment

data item of the plurality of time spaced-apart alignment data items, accessing a second clock. The

second clock is distinct from the first clock. The first clock may be synchronized with the second

clock. Optionally or alternatively, an offset between the first clock and the second clock may be

calculated, and the offset may be stored.

[0023] The first optical element may include a lens, and the second optical element may

include an image sensor. A target may be positioned, such that the lens projects an image of the

target on the image sensor. The data indicative of the degree of optical alignment between the first



optical element and the second optical element may include image data acquired from the image

sensor.

[0024] Estimating the second relationship may involve analyzing the image data to

calculate a plurality of focus scores. The degree of optical alignment between the first optical

element and the second optical element may be based on the plurality of focus scores.

[0025] Another embodiment of the present invention provides a system for actively aligning

a first optical element to a second optical element. The system includes a robot, a motion controller,

a measurement controller and an alignment processor. The robot is configured to grasp the first

optical element. The motion controller is configured to cause the robot to continuously scan the first

optical element along a trajectory from a starting location to an ending location. While the robot

continuously scans the first optical element from the starting location to the ending location, a

plurality of time spaced-apart positions of the first optical element are stored. The measurement

controller is configured, while the robot continuously scans the first optical element from the

starting location to the ending location, to acquire a plurality of time spaced-apart alignment data

items. Each alignment data item results from an optical signal that passed through the first optical

element and was received by the second optical element. Each alignment data item contains data

indicative of a degree of optical alignment between the first optical element and the second optical

element. The alignment processor is configured to estimate a desired alignment position, based at

least in part on the plurality of time spaced-apart alignment data items and the plurality of time

spaced-apart positions of the first optical element. The alignment processor causes the robot to

move the first optical element to the desired alignment position.

[0026] The motion controller may be configured, for each alignment data item of the

plurality of time spaced-apart alignment data items, to store a corresponding position of the first

optical element in timed relation with acquiring image data for the alignment data item.

[0027] The measurement controller may be configured, for each alignment data item of the

plurality of time spaced-apart alignment data items, to generate a synchronization signal in timed

relation with acquisition of the alignment data item. The motion controller may be configured to

store a position of the first optical element in response to the synchronization signal.

[0028] The alignment processor may be configured to estimate a relationship between: (a)

degree of optical alignment between the first optical element and the second optical element and (b)



position of the first optical element, based on the plurality of time spaced-apart alignment data items

and the plurality of time spaced-apart positions of the first optical element. The alignment processor

may be configured to estimate the desired alignment position based on the relationship.

[0029] The second optical element may include a digital image sensor. The measurement

controller may be configured, for each alignment data item of the plurality of time spaced-apart

alignment data items, to acquire image data for a respective image from the digital image sensor and

generate the synchronization signal in timed relation with acquiring the image data.

[0030] The second optical element may include a digital image sensor configured to

generate the synchronization signal.

[0031] The motion controller may be configured, for each position of the plurality of time

spaced-apart positions of the first optical element, to store a corresponding first acquisition time at

which the position was acquired. The system may also include a curve fitter configured to estimate a

first relationship between: (a) position of the first optical element and (b) time, based on the

plurality of time spaced-apart positions of the first optical element and the respective acquisition

time of each position. The alignment processor may be configured to estimate a plurality of

positions of the first optical element corresponding to times when respective ones of the time-

spaced apart alignment data items were acquired, using times at which the time spaced-apart

alignment data items were acquired and the first relationship. The alignment processor may also be

configured to estimate a second relationship between: (a) degree of optical alignment between the

first optical element and the second optical element and (b) position of the first optical element,

based on the plurality of time spaced-apart alignment data items and the plurality of positions of the

first optical element. The alignment processor may also be configured to estimate the desired

alignment position based on the second relationship.

[0032] The system may also include a first clock coupled to the motion controller and a

second clock, distinct from the first clock, coupled to the measurement controller. The motion

controller may be configured to obtain each first acquisition time from the first clock. The

measurement controller may be configured to store a second acquisition time, obtained from the

second clock, corresponding to acquisition time of each alignment data item of the plurality of time

spaced-apart data items. The system may also include a clock synchronizer coupled to the first clock

and to the second clock. The clock synchronizer may be configured to synchronize the first clock



with the second clock. Optionally or alternatively, the clock synchronizer may be configured to

calculate an offset between the first clock and the second clock and to store the offset.

[0033] The first optical element may include a lens, and the second optical element may

include an image sensor. A target may be positioned such that the lens projects an image of the

target on the image sensor. The data indicative of the degree of optical alignment between the first

optical element and the second optical element may include image data acquired from the image

sensor.

[0034] The alignment processor may be configured, in estimating the second relationship,

to analyze the image data to calculate a plurality of focus scores. The degree of optical alignment

between the first optical element and the second optical element may be based on the plurality of

focus scores.

[0035] Yet another embodiment of the present invention provides a computer program

product for actively aligning a first optical element to a second optical element. The computer

program product includes a non-transitory computer-readable medium. Computer readable program

code is stored on the medium. The computer readable program code is configured to cause a robot

to continuously scan the first optical element along a trajectory from a starting location to an ending

location. While the robot continuously scans the first optical element from the starting location to

the ending location, a plurality of time spaced-apart positions of the first optical element are stored.

A plurality of time spaced-apart alignment data items is acquired. Each alignment data item of the

plurality of time spaced-apart alignment data items results from an optical signal that passed through

the first optical element and was received by the second optical element. Each alignment data item

contains data indicative of a degree of optical alignment between the first optical element and the

second optical element. A desired alignment position is estimated, based at least in part on the

plurality of time spaced-apart alignment data items and the plurality of time spaced-apart positions

of the first optical element. The robot moves the first optical element to the desired alignment

position.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] The invention will be more fully understood by referring to the following Detailed

Description of Specific Embodiments in conjunction with the Drawings, of which:



[0037] Fig. 1 is a perspective schematic illustration of a robotic active alignment system,

according to the prior art.

[0038] Fig. 2 is an illustration of an alignment target of Fig. 1, according to the prior art.

[0039] Fig. 3 is a cross-sectional view of a portion of the system of Fig 1.

[0040] Fig. 4 is a hypothetical graph of center focus score, versus z-axis position of an

optical element.

[0041] Fig. 5 is a hypothetical graph of center and four corner focus scores, versus z-axis

position of an unaligned optical element.

[0042] Fig. 6 is a perspective schematic illustration of a target, lens and image sensor, as

well as possible rotations of the lens about two axes.

[0043] Fig. 7 is a hypothetical graph of center and four corner focus scores, versus z-axis

position, similar to the graph of Fig. 6, except for an aligned optical element.

[0044] Fig. 8 is a hypothetical graph illustrating positions of an optical element as it is

transitioned between adjacent positions in a stepped scan, according to the prior art.

[0045] Fig. 9 is a schematic block diagram of an embodiment of the present invention.

[0046] Fig. 10 is a hypothetical graph illustrating curve fitting to calculate a relationship

between position of a scanned optical element and time, according to an embodiment of the present

invention.

[0047] Figs. 11A and 11B contain a schematic flowchart illustrating operations performed

by an embodiment of the present invention.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS

[0048] In accordance with embodiments of the present invention, methods and apparatus

are disclosed for actively aligning a first optical element, such as a lens, to a second optical element,

such as an image sensor, using a continuous scan. During a scan, embodiments of the present

invention collect timed position information about the scanned optical element, and then estimate a

relationship between position of the scanned optical element and time, such as by fitting a curve to a

set of position-time pairs. This relationship can then be used to estimate locations of the scanned

optical element at times when image data or other alignment quality-indicating data samples are

acquired. From this alignment quality versus location data, an optimum alignment position can be



determined, and the scanned optical element can then be positioned at the determined alignment

position.

[0049] Some embodiments utilize a synchronization signal from an image sensor circuit to

trigger recording position information about the scanned optical element. In some embodiments, in

which the image sensor circuit does not generate a synchronization signal, a synchronization signal

is synthesized by an image capture component.

[0050] As alluded to above, an established approach to align objects during assembly or test

operations involves use of active feedback or measurements that correlate directly to a degree

(quality) of alignment between the objects. For example, a lens or other optical object can be

optimally aligned to a light emitting diode to produce a highest focus beam by using a beam

profiling sensor to detect when beam power density from the diode through the lens is highest. In

another example, schematically illustrated in Fig. 1, an automated robot (represented by a gripper

100) is used to optimally align a lens 102 before a digital camera sensor 104 during assembly of the

two objects 102 and 104 by evaluating focus sharpness of images taken by the sensor 104 while it is

powered up and pointed towards an alignment target 106, while positioning the lens 102 at

successive locations along the x, y and z axes and successive orientations about the x, y and z axes,

with respect to the sensor 104. Pitch (about the x axis), roll (about the y axis) and yaw rotation about

the z axis (the optical axis) are indicated by angles θχ, By and θζ, respectively.

[0051] Fig. 2 illustrates an exemplary alignment target 200. The target 200 has high-

contrast features at its center 202 and corners 204, 206, 208 and 210, as seen by the sensor 104. In

the exemplary target shown in Fig. 2, each high-contrast feature includes a slightly rotated black

square on a white background and other high contrast elements, such as a checkerboard pattern or

line pairs. Thus, the position and orientation of the lens 102, with respect to the sensor 104, that

have best image focus quality, as imaged by the sensor 104, will be where the images have highest

observed image intensity gradient or contrast across the high contrast variations distributed spatially

across the target 200. In other words, as the lens 102 is stepped through its various positions and

orientations, when the highest contrast or intensity gradient is detected in the image, the lens 102 is

positioned to provide best focus.

[0052] A bed of nails, spring-loaded test probes ("pogo pins") or another well-known in-

circuit test fixture (not shown) is used to temporarily provide electrical power to the sensor 104 and



to electrically connect the image sensor 104 to a computer 108 that controls the robot 100. Through

the test fixture, the computer 108 receives image data from the image sensor 104 and evaluates

image focus quality or another image attribute or set of attributes of the image. In some cases,

separate (but interconnected) computers (not shown) control the robot 100 and receive and evaluate

the image data. The computer, or the portion of the computer 108, that receives and evaluates the

image data is referred to herein as a "measurement system." The computer, or the portion of the

computer 108, that controls the robot 100, optionally including encoders or other devices used by

the computer to measure the location of the robot 100, are collectively referred to herein as a

"motion control system"

[0053] Adhesive (here represented by adhesive dots 110, but alternatively an annular or

other deposition of adhesive) is used to bond the lens 102 to the image sensor 104 or its substrate

112, as more clearly shown in Fig. 3, which is a cross-sectional view of the components of Fig. 1. In

a typical example, such as a camera module for a mobile device such as a cell phone, the lens-to-

sensor distance 114 is nominally about 150 µιη, plus or minus about 50 µιη. The adhesive is

typically applied before the alignment process begins, although additional adhesive can be applied

afterward. For adhesive applied before the alignment process begins, sufficient adhesive is applied

to accommodate extremes at which the lens 102 may be positioned and oriented, while still

providing sufficient mechanical bonding between the lens 102 and the sensor 104 or substrate 112.

[0054] Once a position and an orientation that provide the best image focus quality are

found, the robot 100 maintains the lens 102 in place while the adhesive at least partially cures. Most

adhesives shrink while they cure. Thus, after determining the lens position and orientation that

provide the best focus, some embodiments further adjust the lens position and orientation to

compensate for expected adhesive shrinkage. Optionally, an ultraviolet beam and/or heat (not

shown) may be applied to the adhesive to accelerate the curing.

[0055] In these and other alignment examples, finding the best alignment can be made

methodical, repeatable and automatable by stepping the lens 102 through a series of discrete

positions and orientations, possibly along multiple trajectories. The stepping typically begins with a

lens-to-image sensor separation greater than expected to yield a well-focused image and continues

to a lens-to-image sensor separation less than expected to yield a well-focused image. For example,

for a lens 102 that is expected to produce a we11-focused image at about 150 µιη, the stepping may



begin at a lens-to-image sensor separation of about 200 µιη, and each step may involve moving the

lens about 10 µιη, until the lens 102 is within about 50 µιη from the image sensor 104, or perhaps

closer. At each step, the lens 102 is briefly held in position and a measurement is taken of optical

power, beam density, acquired image sensor focus quality or another attribute directly related to the

quality of the alignment. Using conventional equipment, one such sweep takes about 4 seconds to

complete. Typically, the lens 102 is made to approach the image sensor 104. However, movement

of the lens 102 may be in either direction, i.e., toward or away from the image sensor 104.

[0056] Assume the lens 102 is moved progressively along the z axis to each of several

positions A, B, C, D, E, F, G and H represented by tick marks 400 in a graph in Fig. 4, and the

computer 108 captures an image and calculates a focus score of the center 202 and four corners 204,

206, 208, and 210 of the of the target 106 at each of these positions A-H. The focus scores may be

calculated based on a spatial rate of change or gradient across edge transitions from light to dark or

dark to light in a region of interest captured by the camera under test.

[0057] Hypothetical center focus scores are indicated by points 402. The computer 108 then

calculates a polynomial equation that best fits the points 402. Curve 404 represents a plot of a

hypothetical best fit polynomial equation for the points 402. Thus, the curve 404 and the equation

describe a relationship between beam or image focus quality and lens position. From the polynomial

equation, the computer 108 calculates a z-axis location 406 for the lens 102 that should produce the

best center focus score 408, i.e., at a peak in the curve 404. The peak 408 may represent a local

maximum of the fitted equation. The computer 108 may then cause the robot to position the lens

102 at the determined best location 406 along the z axis and allow the adhesive to cure.

[0058] More sophisticated systems may repeat the tests to improve accuracy. For example,

each test may determine a location and/or an orientation that provides an improved focus score over

the previous test, and each subsequent test may begin with the lens located and/or oriented

according to results of the previous test, so as to iteratively find a position and orientation that

provide a good focus score.

[0059] As noted, optical elements may not be perfectly mounted within the lens 102. For

example, the optical elements may be tilted, with respect to their ideal orientations. Furthermore, the

sensor 104 may not be perfectly perpendicular to, or centered on, the z axis. Consequently, the

position 406 (Fig. 4) of the lens 102 along the z axis that produces the best center focus score 408



many not necessarily produce best focused corners 204, 206, 208 and 210. Thus, as the lens 102 is

stepped along the z axis toward the image sensor 104, one of the corners 204, 206, 208 or 2 10 of the

target 200 may come into best focus before (i.e., at a greater z-axis distance from the sensor 104

than) the center 202 of the target 200. Similarly, the other corners 204, 206, 208 and/or 210 may

come into best focus at other locations of the lens 102 along the z axis.

[0060] As the robot 100 steps the lens 102 through the positions A-H (400, Fig. 4) along the

z axis, the computer 108 also analyzes portions of the sensor image data representing the corners

204, 206, 208 and 210 of the target 200 and fits polynomial curves for each of the four corners. Fig.

5 depicts a hypothetical set of curves 500, 502, 504 and 506 representing polynomial equation fits

of focus scores for the four corners 204, 206, 208 and 210. In this hypothetical example, the lower-

right corner 206, represented by focus score curve 506, is best focused at a smaller z-axis (lens-to-

sensor) distance than the center 202 of the target 200 or any of the other three corners 204, 208 or

210. Similarly, the lower-left comer 208, represented by focus score curve 500, is best focused at a

larger z-axis lens-to-sensor distance than the center 208 or any of the other three comers 204, 206 or

210. Note that the shapes and heights of the center and of the four comer focus score curves 408,

500, 502, 504 and 506 may not necessarily be identical, due to imperfections, such as asymmetries,

in the lens 102.

[0061] From the polynomial equations corresponding to the curves 500, 502, 504 and 506,

the computer 108 determines pitch and roll angles (θχ and By) for the lens 102 that optimize focus

of the comers 204, 206, 208 and 210. A respective distance 508, 510, 512 and 514 between each

peak in the comer focus score curves 500, 502, 504 and 506 and the peak of the center focus score

curve 404 is proportional to an amount by which the respective portion of the lens 102 is pitched or

rolled, relative to ideal, and, therefore, the amount of pitch or roll motion required to compensate for

the lens imperfection. The amount of pitch or roll required also depends on the distance 212

between the center 202 of the target 200 and the high-contrast feature 204, 206, 208 or 210 used to

calculate the focus score. The further the high-contrast feature 204, 206, 208 or 210 is from the

center 202 of the target 200, the more pitch or roll is required to correct for a given displacement

508, 510, 512 or 514 of the peak in the focus score from the peak 408 in the center focus score.

[0062] Comer focus score curves (exemplified in this hypothetical case by curves 504 and

506) whose peaks are to the left of the center focus score curve 404 correspond to comers 204 and



206 (in this case upper-right and lower-right corners) that are in best focus when the lens 102 is

closer to the image sensor 104 than when the center 202 of the target 200 is in best focus. Therefore,

the lens 102 should be pitched an/d or rolled, so as to increase the distances between the lens 102

and the portions of the image sensor 104 that image these corners 204 and 206.

[0063] Similarly, corner focus score curves (exemplified by curves 500 and 502) whose

peaks are to the right of the center focus score curve 404 correspond to corners 208 and 210 (in this

case upper- left and lower-left corners) that are in best focus when the lens 102 is further from the

image sensor 104 than when the center 202 of the target 200 is in best focus. Therefore, the lens 102

should be pitched and/or rolled, so as to decrease the distances between the lens 102 and the

portions of the image sensor 104 that image these corners 208 and 210.

[0064] As shown schematically in Fig. 6 (using a different target 600 for clarity, but

maintaining assumptions about lens imperfections made above), rolling the lens 102 about the y

axis would simultaneously bring the lens 102 closer to, or further from, the portion of the image

sensor 104 that images the upper-right corner P and the lower-right corner Q of the target 600,

depending on which way (clockwise or counterclockwise) the lens 102 is rolled about the y axis.

Such rolling would also bring the lens 102 further from, or close to, the portion of the image sensor

104 that images the lower-left corner R and the upper-left corner S, but in an opposite sense to that

of corners P and Q. Thus, rolling the lens 102 in a negative direction (i.e., opposite the arrow 602)

about the y axis moves the focus score curves 504 and 506 to the right, and it moves the focus score

curves 500 and 502 to the left.

[0065] Similarly, pitching the lens 102 about the x axis would simultaneously bring the lens

102 closer to, or further from, the portion of the image sensor 104 that images the lower- left corner

R and the lower-right comer Q and, in an opposite sense, bring the lens 102 further from, or closer

to, the portion of the image sensor 104 that images the upper-left corner S and the upper-right corner

P, depending on which way (clockwise or counterclockwise) the lens 102 is pitched about the x

axis.

[0066] Collectively, pitching and rolling the lens 102 as just described brings all the focus

score curves 500, 502, 504 and 506 closer together.

[0067] As noted, the distances 508, 510, 512 and 514 (Fig. 5) indicate the relative amounts

by which the lens 102 should be pitched or rolled to compensate for the mis-focused corners. The



greater the distance 212 (Fig. 2) between the center 202 and any corner (ex., 206) of the target 200,

the less the lens 102 needs to be tipped or tilted, for a given distance 508-514 between the peak 408

of the center focus score curve and a peak in the corner focus score curve 500-506.

[0068] Thus, the pitch and roll of the lens 102 may be adjusted (i.e., two degrees of freedom

are available), by which the computer 108 can adjust the lens 102 so that all four corner focus scores

peak at the same, or nearly the same, z-axis location, as represented in a hypothetical plot shown in

Fig. 7. Plane geometry may be used to calculate the amount by which the lens 102 should be pitched

and/or rolled, based on the distances 508-5 14. Depending on imperfections in the lens, it may not be

possible to find a single orientation (i.e., a θχ and a By) that simultaneously maximizes all four

corner focus scores. Furthermore, it may not be possible to simultaneously maximize the four corner

focus scores and the center focus score. As shown in Fig. 7, the center focus score 404 may peak at

z-axis distance 700 from the peak corner focus scores, after the lens 102 orientation has been

adjusted.

[0069] The computer 108 may, therefore, weight the four corner focus scores and the center

focus score to determine a best compromise of positions along, and orientations about, the axes of

motion. The weightings (center to comers) may be selected based on needs for a particular camera

assembly. In some embodiments, the center focus score to comer focus score weighting ratio may

be 50/50, 60/40, 75/25, 100/0 or any other suitable weighting ratio. Using a weighting ratio of 100/0

optimizes for the center focus score, and it makes the four comer focus score curve peaks coincident

(or nearly so), although, as shown in Fig. 7, the comer focus curves may peak at a different z-axis

location than the center focus score peaks.

[0070] The computer 108 (Fig. 1) may iteratively perform the above-described procedure.

For example, in a first pass, the computer 108 may determine a pitch and roll of the lens 102 that

provides an acceptable balance among the four comer focus scores and between the center focus

score and the comer focus scores collectively, as described above. Then, in a second pass, the

motion control system may cause the robot 100 to tip and tilt the lens 102 according to results of the

first pass and perform the above-described procedure again. Optionally, additional iterative passes

may be performed.



[0071] Thus far, the movement path (trajectory) of the lens 102 under test has been

described as being linear or angular (ex., pitch or roll about an axis). However, other 1-, 2- or more

dimensional trajectories may be used. Exemplary trajectories include linear, helical, spiral and box.

[0072] Although the above-described procedure can yield an acceptable position and

orientation for a lens, the procedure is relatively slow, because the robot must stop at each test

position and orientation while an image or other measurement is captured. Fig. 8 is a hypothetical

graph of displacement along the z axis plotted against time for a transition between two adjacent test

positions Z l and Z2. After an image has been captured by the computer 108 while the lens 102 in at

location Zl, the computer 108 causes the robot 100 to move the lens 102 to location Z2. Being a

mechanical system with mass and inertia, the movement involves a period 800 of acceleration to a

slew rate, followed by a period 802 of deceleration and settling. If the system is less than critically

damped, the lens position may ring (not shown) until it settles sufficiently.

[0073] For most effective and efficient active alignment of objects during manufacturing

and test applications, it is important to be able to implement alignment as quickly as possible. This

allows the number of units that can be assembled and tested in a given time period to be higher.

Thus, implementing the most efficient and fastest scans of positions and orientations to find best

focus alignment is ideal. Various methods are used to decrease the amount of time required to align

objects. These methods include scanning along various trajectories, such as line scans, box scans

and spiral scans. By definition, a "scan" is a sequence of positions and/or orientations along a

trajectory, where focus quality or another alignment quality metric is measured for each position

and/or orientation. The measurements may be performed while the robot is stopped at each position

and/or orientation, or image data collected during a scan may be stored in a memory and then

analyzed later, such as during the remainder of the scan or after the scan has been completed.

Regardless of when the image data is analyzed (i.e., while the robot is in a position where the image

data is captured or after the robot has moved beyond that position), we refer to measurements of

alignment quality for the positions and/or orientations where the image data was captured. In a

"stepped scan," the lens or other object to be aligned is sequentially moved to each position and/or

orientation of a set of positions and/or orientations. At each position and/or orientation at which a

measurement is to be taken, the motion is stopped, and then the image data is captured.



[0074] One method for reducing time required for a scan is to not stop at each measurement

position and/or orientation along its trajectory. Instead, the lens or other object is moved

continuously (i.e., without stopping) along the trajectory, and image data are captured at each

measurement position and/or orientation, while the robot is in motion. This is called a "continuous

scan." As long as measurement accuracy is not significantly diminished by taking measurements

while moving the lens or other object, a continuous scan can significantly reduce the time taken to

execute the alignment scan. For example, much of the acceleration time 800 and the deceleration

and settling time 802 may be saved. In some embodiments, a continuous scan can save about 35-

50% of the cycle time 804 required to step between successive positions and/or orientations of a

stepped scan.

[0075] A challenge in implementing a continuous scan is to record the position and/or

orientation of the object being aligned at the same time as measurement data is acquired. This is

particularly difficult if the instrument or system that performs the data collection or the alignment

quality measurements is implemented with a different set of hardware or a different software control

system than is used to control the continuous scan motion and record the locus of positions and

orientations corresponding of the object.

[0076] Some embodiments of the present invention synchronize the measurements taken or

information collection with the positions and orientations for each measurement point during a

continuous scan using an electrical signal input to the motion control system that correlates to each

measurement point. In one such system, which aligns a lens to an image sensor, the image sensor

circuit generates a video synchronization signal each time an image is generated. The

synchronization signal is fed to the motion control system and, in response to the synchronization

signal, the motion control system records the position and/or orientation of the lens when each

image is captured.

[0077] Video synchronization pulses are typically generated by video image sensors, such

as sensors used in backup cameras. However, sensors and related circuitry used in other contexts,

such as still digital cameras, typically do not generate video synchronization signals, which makes

the above-described alignment process unsuitable for these sensors. Some embodiments of the

present invention solve this problem by synthesizing a synchronization signal when an image is



captured, as described in more detail below. Other embodiments of the present invention do not

require a synchronization signal.

[0078] One embodiment of the present invention is shown schematically in Fig. 9. During a

continuous scan, at each of several times (preferably, but not necessarily, at regular time intervals), a

motion control system 900 records the time and the position and/or orientation of the lens 102 (or

the position and/or orientation of the robot 100, from which the position and/or orientation of the

lens 102 can be determined). These time-stamped positions and/or orientations are stored in a

memory 902. In parallel, a measurement system 904 records image data and the time at which each

image data sample is acquired. These time-stamped image data are stored in a memory 906.

[0079] The motion control system 900 and the measurement system 904 may use a single

(common) clock (not shown). However, if the motion control system 900 and the measurement

system 904 utilize separate clocks 908 and 910, prior to these two parallel operations (motion and

measurement), the time clocks 908 and 910 are synchronized, or before, during or after the two

parallel operations are performed, an offset between the two clocks is determined and stored, by a

clock synchronizer 912. Note that the rate or times at which the position and/or orientation data are

recorded may be different than the rate or times at which the image data are acquired. Furthermore,

the number of position and/or orientation data items recorded may be different than the number of

images recorded. These differences may be a result of using separate clocks 908 and 910 and/or

they may be a result of a difference in programming of the motion control system 900 and the

measurement system 904.

[0080] If each image is acquired at the same time as a position and/or orientation is

recorded, an alignment processor 916 can perform the calculations and command the motion control

system 900, as described above, to align the lens 102. However, in most cases, recording a position

and/or an orientation at the same time as each image is acquired in not possible, impractical,

inconvenient or undesired. In these cases, after the scan is performed, a curve fitter 914 fits a linear

or other equation to the time-stamped position and/or orientation values 902.

[0081] Fig. 10 is a graph showing a hypothetical set of time-stamped points 1000,

representing positions along the z axis, as recorded by the motion control system 900 at several

times, represented by tick marks 1002. Fig. 10 also shows a hypothetical curve 1004 (corresponding

to the fitted equation) fitted to the points 1000.



[0082] Note that if the motion control system 900 begins recording the position and/or

orientation data after the robot reaches a slew rate, and it ceases recording the data before the robot

begins decelerating (as represented in Fig. 10), the acceleration 1006 and deceleration 1008 of the

robot 100 is not likely to be represented by the curve 1004, and a linear curve is more likely to be

fitted to the points 1000 than if the acceleration 1006 and deceleration 1008 data were recorded and

used for the curve fitting. To avoid having to fit non-linear equations, it is recommended that the

position and/or orientation data and the image data be collected only while the robot 100 is traveling

at its slew rate. However, operation outside the slew rate portion of Fig. 10 is possible, with

appropriate adjustments to the equation fitting. In particular, a higher-order, non-linear equation

should be used.

[0083] The start position or orientation of a scan should be selected such that the robot 100

has a chance to accelerate and reach its slew rate before it reaches the first position and/or

orientation of interest in any given test. Similarly, the end position or orientation of the scan should

be selected such that the robot 100 reaches the last position and/or orientation of interest in the test,

before the robot 100 begins to decelerate.

[0084] The equation fitted to the points 1000 can then be used to estimate positions and/or

orientations that correspond to any time during the scan and, in particular, to the time stamps

recorded for the image data 906. For example, assume eight images were recorded during the scan

represented in Fig. 10, each image having been recorded at a time A, B, C, D, E, F, G and H (1012)

corresponding to a dashed vertical line 1010. The alignment processor 916 uses these times A-H

(1012) and the fitted equation to estimate positions and/or orientations 1014 of the lens 102 at the

times the images were acquired. The term "estimate" is used here, because the fitted equation and

curve 1004 represent an estimate of a relationship (a "motion profile") between time and the

position and/or orientation of the lens 102 during a scan. The estimate may be perfect; nevertheless,

it is referred to herein as an estimate.

[0085] Errors in the estimate may be caused by several factors, including: clock imprecision

or rounding, inaccuracies in encoders 918 used to measure the position and/or orientations of the

robot 100 and variations in the speed with which the robot 100 moves during the slew portion of the

scan. Even if the time stamps assigned to the recorded positions and/or orientations 902 or the time

stamps assigned to the recorded image data 906 include inaccuracies, using multiple data points



1000 for the positions and/or orientations, and using multiple data points 402 (Fig. 4) for the image

data, acts to average out the effects of these inaccuracies.

[0086] As used herein, the term "estimate" includes calculate. One or more calculations

may be performed to arrive at an estimate. As used herein, the terms "fitting an equation" and

"fitting a curve" may include estimating. Curve fitting is a well-known process of constructing a

curve or a mathematical function that has a best fit to a series of data points, possibly subject to

constraints. Curve fitting can involve interpolation, where an exact fit to the data is required, or

smoothing, in which a "smoothing" function is constructed that approximately fits the data. Curve

or equation fitting may involve polynomial equations, possibly including logarithmic or exponential

functions.

[0087] The alignment processor 916 (Fig. 9) implements the alignment process described

above, using the estimated positions and/or orientations of the lens and focus scores it calculates

from the image data. For example, the eight times A-H (1012) in Fig. 10 may correspond to the

eight tick marks A-H (400) in Fig. 4, which represent the locations along the z axis at which images

are captured and focus scores are calculated. The alignment processor 916 sends commands (via

connection 920) to the motion control system 900 to drive the test procedure scans (to position and

orient the robot 100) and to finally position the lens while the adhesive cures.

[0088] In embodiments where the image sensor 104 generates a synchronization signal

whenever it captures an image, the synchronization signal may be provided to the motion control

system 900, as shown by dashed line 920, and the motion control system 900 may store the position

and/or orientation of the lens 102 (or the position and/or orientation of the robot 100, from which

the position and/or orientation of the lens 102 can be determined) in response to the synchronization

signal.

[0089] In some embodiments where the image sensor 104 does not generate

synchronization signals, the measurement system 904 may synthesize a synchronization signal

whenever the measurement system 904 acquires an image data sample, and this synthesized

synchronization signal may be provided to the motion control system 900, as shown by dashed line

922. As described above, the motion control system 900 may store the position and/or orientation of

the lens 102 (or the position and/or orientation of the robot 100, from which the position and/or

orientation of the lens 102 can be determined) in response to the synthesized synchronization signal.



[0090] Figs. 11A and 11B contain a flowchart illustrating operation of an embodiment of

the present invention. At 1100, the target 106 is positioned, so the lens 102 projects an image of the

target 106 on the image sensor 104. At 1102, if the motion control system 900 (Fig. 9) and the

measurement system 904 utilize separate clocks 908 and 910, the two clocks 908 and 910 are

synchronized or an offset between the two clocks is recorded, so times recorded by the motion

control system 900 can be correlated to times recorded by the measurement system 904.

[0091] At 1104, a continuous scan begins. The robot 100 scans the lens 102 along the z axis

or along another axis or along a complex path that involves several axes. While the robot 100 scans

the lens 102, at 1106 the motion control system 900 (Fig. 9) acquires data from the encoders 918.

The data indicates where the lens (or the robot) is positioned or oriented, along the trajectory.

Several measurements of position or orientation of the lens 102 are taken as the robot 100 moves the

lens 102, thereby yielding a plurality of time spaced-apart positions of the lens 102. (For simplicity

of explanation, the term "position" is sometimes used to mean position and/or orientation.)

[0092] The time at which each of the positions or orientations is measured is also recorded

from a clock, such as the clock 908 (Fig. 9). At 1108, a position measurement is associated with the

time at which the measurement was taken. At 1110, the curve fitter 914 automatically fits a first

equation to the measured positions of the lens 102, versus the times at which the measurements

were taken. The equation represents an estimated relationship between position of the lens and time

during the scan.

[0093] While the robot 100 (Fig. 1) scans the lens 102 and the motion control system 900

(Fig. 9) acquires the data indicating where the lens (or the robot) is positioned or oriented along the

trajectory, at 1112, the measurement system 904 acquires a series of time spaced-apart images

(alignment data items) from the image sensor 104. Each image can be analyzed for focus quality or

another metric indicating how well the lens 102 is aligned with the image sensor 104. Thus, each

image contains data indicative of a degree of optical alignment between the lens 102 and the image

sensor 104. The alignment data items should be acquired during a portion of the scan that at least

partially overlaps with a portion of the scan during which the lens positions are acquired 1106.

However, non-overlapping portions of the scan may be used for acquiring the alignment data items

1112 and the lens positions 1106.



[0094] At 1114, the measurement system 904 begins a loop that executes once for each

image acquired. Within the loop, at 1 1 16, the measurement system 904 calculates a focus score or

other value that indicates a degree of optical alignment of between the lens 102 and the image

sensor 104. As noted, this value may be an image intensity gradient, a contrast value across portions

of the target 200, a simple intensity or any other suitable value. At 1 1 18, the measurement system

904 uses the times at which the images were acquired and the first equation, which represents the

relationship between lens position and time, to calculate the positions of the lens 102 at the times the

images were acquired. At 1120, the focus score is associated with its respective lens position. If

there are more images, at 1122, the loop returns to 1116, otherwise control passes to 1124.

[0095] At 1124, a second equation is fitted to the focus scores, versus the associated lens

positions (at times when the images were acquired). This second equation represents an estimated

relationship between: (a) a degree of optical alignment of the lens to the sensor (such as the focus

score), and (b) position of the lens. The alignment processor 916 then calculates a local maximum

of the second equation. This local maximum provides an estimate of a good alignment position for

the lens 102. As noted, this alignment position may be modified, such as to compensate for

expected shrinkage of adhesive. Nevertheless, the result is referred to herein as the estimated

alignment position. The robot then moves the lens 102 to the estimated alignment position.

[0096] As noted, at 1130, the operations described above may be iterated to improve

accuracy of the estimated alignment position within one degree of freedom, such as along the z axis

or rotation about the y axis. At 1132, these operations may be performed for each of the degrees of

freedom, if needed. Although the flow chart indicates all operations for a single degree of freedom

may be completed at 1130 before any operations are performed at 1132 for another degree of

freedom, this need not necessarily be the case. In other words, iterations for a single degree of

freedom may be intermixed with alignment procedures for other degrees of freedom.

[0097] The times at which the positions and/or orientations of the lens 102 are recorded, or

alternatively the time intervals between successive recordations, may be preprogrammed,

automatically determined or user-configurable. For example, the motion control system 900 (Fig. 9)

may automatically determine an appropriate time interval, based on a desired number of points to fit

the equation and the total range of distance or orientation (angle) to be tested and the rate at which

the robot 100 moves or rotates. In other words, the time interval may be automatically selected such



that the desired number of points are recorded in the time it takes the robot to travel or rotate the

total range of distance or orientation, taking into account acceleration and deceleration times. As

noted, the time intervals between which the motion control system 900 (Fig. 9) records successive

positions and/or orientations of the lens 102 may, but need not, be regular. Similarly, the time

intervals between which the measurement system 904 acquires successive images from the image

sensor 104 may, but need not, be regular. Thus, as used herein, the term "time spaced-apart" does

not necessarily mean at regular time intervals.

[0098] Using a continuous scan allows a system to take more image and/or position and/or

orientation sample points per unit of time than a stepped scan would permit. These additional points

may be used to improve accuracy of the curve fitting described above, without negatively impacting

the time taken to perform an individual scan. Optionally or alternatively, the time saving (over a

stepped scan) can be used to shorten the overall alignment procedure or to perform one or more

additional iterations.

[0099] The image sensor 104 may be fabricated according to various technologies, such as

charge-coupled device (CCD) or complementary metal-oxide-semiconductor (CMOS). In addition,

the image sensor 104 output may conform to various standards, such as VGA, NTSC, PAL, SMIA,

MIPI orHiSPI.

[00100] As used herein, the term "lens" means an object with one or more conventional

optical elements. Although the descriptions above are generally presented in the context of aligning

a lens to an image sensor, the methods and apparatus described herein are equally applicable to

aligning other optical elements (such as optical fibers) to other passive optical elements (such as

other optical fibers) or to other optical sensors (such as photodiodes) or to optical sources (such as

light emitting diodes (LEDs) and lasers). Collectively, all such lenses, image sensors, optical fibers,

photodiodes, LEDs, lasers and the like are referred to in the claims as "optical elements." Although

alignment of one optical element, such as a lens, to another optical element, such as an image

sensor, has been described, the methods and apparatus described herein may be used as described,

with appropriate modifications, to align more than one optical element, such as several optical

fibers, with a single optical element, such as an optical sensor or an optical source. Furthermore, the

aligned optical elements may, but need not, all be mounted on a common substrate, such as a

printed circuit board, integrated circuit board or integrated circuit substrate.



[00101] As used herein and in the claims, a "processor" may be: a single processor; a mu lt i

processor, such as a multi-core processor or multiple processors interconnected with each other on a

single or multiple integrated circuit substrate or on a single or multiple circuit boards; a single

computer or multiple interconnected computers. Although some claims recite performing one or

more operations "by a processor," it should be understood that: each operation may be performed by

a distinct processor; all the operations may be performed by a single processor; any combination of

the operations may be performed by any combination of plural processors; performance of a single

operation may be distributed over a plurality of the processors; and these and other combinations are

within the scope of the claims.

[00102] As used in the claims, the term "position of an optical element" means at least one

of: a position of the optical element and an orientation of the optical element. That is, the term

"position" means position and/or orientation. As used herein, the term "automatic" or

"automatically" means performed without human intervention, although a human may initiate the

performance. For example, automatically fitting an equation to a set of data requires a processor to

determine parameters of the equation, without assistance from a human.

[00103] While the invention is described through the above-described exemplary

embodiments, modifications to, and variations of, the illustrated embodiments may be made without

departing from the inventive concepts disclosed herein. Furthermore, disclosed aspects, or portions

of these aspects, may be combined in ways not listed above and/or not explicitly claimed.

Accordingly, the invention should not be viewed as being limited to the disclosed embodiments.

[00104] The motion control system 900, data store 902, measurement system 904, data store

906, curve fitter 914, alignment processor 916, clocks 908 and 910, clock synchronizer 912 and

other components and processes described herein can be implemented with software, hardware or a

combination thereof. These functions can be performed by a processor executing instructions stored

in a memory.

[00105] Although aspects of embodiments may have been described with reference to

flowcharts and/or block diagrams, functions, operations, decisions, etc. of all or a portion of each

block, or a combination of blocks, may be combined, separated into separate operations or

performed in other orders. All or a portion of each block, or a combination of blocks, may be

implemented as computer program instructions (such as software), hardware (such as combinatorial



logic, Application Specific Integrated Circuits (ASICs), Field-Programmable Gate Arrays (FPGAs)

or other hardware), firmware or combinations thereof. Embodiments may be implemented by a

processor executing, or controlled by, instructions stored in a memory. The memory may be random

access memory (RAM), read-only memory (ROM), flash memory or any other memory, or

combination thereof, suitable for storing control software or other instructions and data. Instructions

defining the functions of the present invention may be delivered to a processor in many forms,

including, but not limited to, information permanently stored on non-transitory tangible non-

writable storage media (e.g., read-only memory devices within a computer, such as ROM, or

devices readable by a computer I/O attachment, such as CD-ROM or DVD disks), information

alterably stored on non-transitory tangible writable storage media (e.g., floppy disks, removable

flash memory and hard drives) or information conveyed to a computer through a communication

medium, including wired or wireless computer networks. Moreover, while embodiments may be

described in connection with various illustrative data structures, the system may be embodied using

a variety of data structures.



CLAIMS

What is claimed is:

1. A computer-implemented method for actively aligning a first optical element (102) to a

second optical element (104), the method comprising performing, by a processor (108), operations

of:

causing a robot (100) to continuously scan ( 1104) the first optical element (102) along a

trajectory from a starting location to an ending location;

while the robot (100) continuously scans the first optical element (102) from the starting

location to the ending location:

storing (1106) a plurality of time spaced-apart positions (1000, 902) of the first

optical element (102); and

acquiring (11 12) a plurality of time spaced-apart alignment data items (906),

wherein each alignment data item of the plurality of time spaced-apart alignment data items:

results from an optical signal that passed through the first optical element

(102) and was received by the second optical element (104); and

contains data indicative of a degree of optical alignment between the first

optical element (102) and the second optical element (104);

estimating ( 1128) a desired alignment position, based at least in part on the plurality of time

spaced-apart alignment data items (906) and the plurality of time spaced-apart positions (1000, 902)

of the first optical element (102); and

causing the robot (100) to move ( 1128) the first optical element (102) to the desired

alignment position.

2 . A method according to claim 1, wherein storing the plurality of time spaced-apart positions

(1000, 902) of the first optical element (102) comprises, for each alignment data item of the

plurality of time spaced-apart alignment data items (906), storing a corresponding position of the

first optical element in timed relation with acquiring image data for the alignment data item.



3. A method according to claim 1, further comprising:

for each alignment data item of the plurality of time spaced-apart alignment data items

(906), generating a synchronization signal (920, 922) in timed relation with acquisition of the

alignment data item;

wherein storing the plurality of time spaced-apart positions (1000, 902) of the first optical

element (102) comprises, for each position of the plurality of time spaced-apart positions, storing a

position of the first optical element in response to the synchronization signal (920, 922).

4 . A method according to claim 3, further comprising:

estimating a relationship ( 1124) between (a) degree of optical alignment between the first

optical element (102) and the second optical element (104) and (b) position of the first optical

element (102), based on the plurality of time spaced-apart alignment data items (906) and the

plurality of time spaced-apart positions (1000, 902) of the first optical element (102); wherein:

estimating ( 1128) the desired alignment position comprises estimating the desired alignment

position based on the relationship.

5. A method according to claim 3, wherein:

the second optical element (103) comprises a digital image sensor; and

acquiring the plurality of time spaced-apart alignment data items (906) comprises, for each

alignment data item of the plurality of time spaced-apart alignment data items (906), acquiring

image data for a respective image from the digital image sensor and generating the synchronization

signal (920, 922) in timed relation with acquiring the image data.

6. A method according to claim 5, wherein generating the synchronization signal (920, 922)

comprises generating the synchronization signal by the digital image sensor (104).



7. A method according to claim 1, further comprising:

for each position of the plurality of time spaced-apart positions (1000, 902) of the first

optical element (102), storing a corresponding acquisition time at which the position was acquired;

estimating ( 1110) a first relationship between (a) position of the first optical element (102)

and (b) time, based on the plurality of time spaced-apart positions (1000, 902) of the first optical

element (102) and the respective acquisition time of each position;

estimating ( 1118) a plurality of positions of the first optical element corresponding to times

when respective ones of the time-spaced apart alignment data items were acquired, using times at

which the time spaced-apart alignment data items were acquired and the first relationship;

estimating ( 1124) a second relationship between (a) degree of optical alignment between the

first optical element (102) and the second optical element (104) and (b) position of the first optical

element (102), based on the plurality of time spaced-apart alignment data items (906) and the

plurality of positions of the first optical element;

wherein estimating (1128) the desired alignment position comprises estimating the desired

alignment position based on the second relationship.

8. A method according to claim 7, wherein:

storing a corresponding acquisition time comprises accessing a first clock (908); and

acquiring the plurality of time spaced-apart alignment data items comprises, for each

alignment data item of the plurality of time spaced-apart alignment data items (906), accessing a

second clock (910), distinct from the first clock (908); and further comprising:

synchronizing ( 1102) the first clock (908) with the second clock (910).

9. A method according to claim 7, wherein:

storing a corresponding acquisition time comprises accessing a first clock (908); and

acquiring the plurality of time spaced-apart alignment data items comprises, for each

alignment data item of the plurality of time spaced-apart alignment data items (906), accessing a

second clock (910), distinct from the first clock (908); and further comprising:

calculating ( 1102) an offset between the first clock (908) and the second clock (910); and

storing ( 1102) the offset.



10. A method according to claim 7, wherein the first optical element (102) comprises a lens and

the second optical element (104) comprises an image sensor, the method further comprising:

positioning ( 1100) a target (106, 200), such that the lens (102) projects an image of the

target (106, 200) on the image sensor;

wherein the data indicative of the degree of optical alignment (906) between the first optical

element (102) and the second optical element (104) comprises image data acquired from the image

sensor.

11. A method according to claim 10, wherein estimating the second relationship comprises :

analyzing the image data to calculate ( 1116) a plurality of focus scores; and

basing the degree of optical alignment between the first optical element (102) and the

second optical element (104) on the plurality of focus scores.



12. A system for actively aligning a first optical element (102) to a second optical element

(104), the system comprising:

a robot (100) configured to grasp the first optical element (102);

a motion controller (108, 900) configured to:

cause the robot (100) to continuously scan the first optical element (102) along a

trajectory from a starting location to an ending location; and

while the robot (100) continuously scans the first optical element (102) from the

starting location to the ending location, store a plurality of time spaced-apart positions (902) of the

first optical element (102);

a measurement controller (108, 904) configured, while the robot (100) continuously scans

the first optical element (102) from the starting location to the ending location, to:

acquire a plurality of time spaced-apart alignment data items (906), wherein each

alignment data item of the plurality of time spaced-apart alignment data items:

results from an optical signal that passed through the first optical element

(102) and was received by the second optical element (104); and

contains data indicative of a degree of optical alignment between the first

optical element (102) and the second optical element (104); and

an alignment processor (108, 916) configured to:

estimate a desired alignment position, based at least in part on the plurality of time

spaced-apart alignment data items (906) and the plurality of time spaced-apart positions (902) of the

first optical element (102); and

cause the robot (100) to move the first optical element (102) to the desired alignment

position.

13. A system according to claim 12, wherein the motion controller (108, 900) is configured, for

each alignment data item of the plurality of time spaced-apart alignment data items (906), to store a

corresponding position of the first optical element (102) in timed relation with acquiring image data

for the alignment data item.



14. A system according to claim 12, wherein:

the measurement controller (108, 904) is configured, for each alignment data item of the

plurality of time spaced-apart alignment data items (906), to generate a synchronization signal (920,

922) in timed relation with acquisition of the alignment data item; and

the motion controller (108, 900) is configured to store a position of the first optical element

in response to the synchronization signal (922).

15. A system according to claim 14, wherein the alignment processor (108, 916) is configured

to:

estimate a relationship between (a) degree of optical alignment between the first optical

element (102) and the second optical element (104) and (b) position of the first optical element

(102), based on the plurality of time spaced-apart alignment data items (906) and the plurality of

time spaced-apart positions (902) of the first optical element (102); and

estimate the desired alignment position based on the relationship.

16. A system according to claim 14, wherein:

the second optical element (104) comprises a digital image sensor; and

the measurement controller (108, 904) s configured, for each alignment data item of the

plurality of time spaced-apart alignment data items (906), to acquire image data for a respective

image from the digital image sensor and generate the synchronization signal (922) in timed relation

with acquiring the image data.

17. A system according to claim 14, wherein the second optical element (104) comprises a

digital image sensor configured to generate the synchronization signal (920).



18. A system according to claim 12, wherein:

the motion controller (108, 900) is configured, for each position of the plurality of time

spaced-apart positions (902) of the first optical element (102), to store a corresponding first

acquisition time at which the position was acquired;

a curve fitter (108, 914) configured to estimate a first relationship between (a) position of the

first optical element (102) and (b) time, based on the plurality of time spaced-apart positions (902)

of the first optical element ( 102) and the respective acquisition time of each position;

the alignment processor (108, 916) is configured to:

estimate a plurality of positions of the first optical element (102) corresponding to

times when respective ones of the time-spaced apart alignment data items (906) were acquired,

using times at which the time spaced-apart alignment data items (906) were acquired and the first

relationship;

estimate a second relationship between (a) degree of optical alignment between the

first optical element (102) and the second optical element (104) and (b) position of the first optical

element (102), based on the plurality of time spaced-apart alignment data items (906) and the

plurality of positions of the first optical element; and

estimate the desired alignment position based on the second relationship.

19. A system according to claim 18, further comprising:

a first clock (908) coupled to the motion controller (108, 900); and

a second clock (910), distinct from the first clock (908), coupled to the measurement

controller (108, 904);

wherein:

the motion controller (108, 900) is configured to obtain each first acquisition time from the

first clock (908); and

the measurement controller (108, 904) is configured to store a second acquisition time,

obtained from the second clock (910), corresponding to acquisition time of each alignment data

item of the plurality of time spaced-apart data items (904); and further comprising:

a clock synchronizer (108, 912) coupled to the first clock (908) and to the second clock

(910) and configured to synchronize the first clock (908) with the second clock (910).



20. A system according to claim 18, further comprising:

a first clock (908) coupled to the motion controller (108, 900); and

a second clock (910), distinct from the first clock (908), coupled to the measurement

controller (108, 904);

wherein:

the motion controller (108, 900) is configured to obtain each first acquisition time from the

first clock (908); and

the measurement controller (108, 904) is configured to store a second acquisition time,

obtained from the second clock (910), corresponding to acquisition time of each alignment data

item of the plurality of time spaced-apart data items (906); and further comprising:

a clock synchronizer (108, 92) coupled to the first clock (908) and to the second clock (910)

and configured to calculate an offset between the first clock (908) and the second clock (910) and to

store the offset.

21. A system according to claim 18, wherein:

the first optical element (102) comprises a lens;

the second optical element (104) comprises an image sensor; and further comprising:

a target (106, 200) positioned such that the lens projects an image of the target (106, 200) on

the image sensor; and wherein:

the data indicative of the degree of optical alignment (906) between the first optical element

(102) and the second optical element (104) comprises image data acquired from the image sensor.

22. A system according to claim 21, wherein the alignment processor (108, 916) is configured,

in estimating the second relationship, to:

analyze the image data to calculate a plurality of focus scores (906); and

base the degree of optical alignment between the first optical element (102) and the second

optical element (104) on the plurality of focus scores.



23. A computer program product for actively aligning a first optical element (102) to a second

optical element (104), the computer program product comprising a non-transitory computer-

readable medium having computer readable program code stored thereon, the computer readable

program code configured to:

cause a robot (100) to continuously scan the first optical element (102) along a trajectory

from a starting location to an ending location;

while the robot (100) continuously scans the first optical element (102) from the starting

location to the ending location:

store a plurality of time spaced-apart positions of the first optical element (902); and

acquire a plurality of time spaced-apart alignment data items (906), wherein each

alignment data item of the plurality of time spaced-apart alignment data items (906):

results from an optical signal that passed through the first optical element

(102) and was received by the second optical element (104); and

contains data indicative of a degree of optical alignment between the first

optical element (102) and the second optical element (104);

estimate a desired alignment position, based at least in part on the plurality of time spaced-

apart alignment data items (906) and the plurality of time spaced-apart positions of the first optical

element (902); and

cause the robot (100) to move the first optical element (102) to the desired alignment

position.
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