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Motion blur compensation

Field of the invention

This invention generally relates to a system and a method for compensating

for motion blur. More particularly, the invention relates to motion blur

compensation in 3D scanning of at least a part of an object by means of a 3D

scanner.

Background of the invention

Motion blur compensation is generally known from 2D scanning or imaging of

objects.

It remains a problem to provide motion blur compensation in 3D scanning,

such as optical scanning, of objects in order to obtain excellent virtual 3D

models of the scanned objects.

Summary

Disclosed is a method for compensating for motion blur when performing a

3D scanning of at least a part of an object by means of a 3D scanner, where

the motion blur occurs because the scanner and the object are moved

relative to each other while the scanning is performed, and where the motion

blur compensation comprises:

- determining whether there is a relative motion between the scanner and the

object during the acquisition of a sequence of focus plane images;

- if a relative motion is determined, performing a motion compensation based

on the determined motion; and

- generating a 3D surface from the sequence of focus plane images.



In some embodiments the 3D scanning comprises:

- generating a probe light,

- transmitting the probe light towards the object thereby illuminating at least a

part of the object,

- transmitting light returned from the object to a camera comprising an array

of sensor elements,

- imaging on the camera at least part of the transmitted light returned from

the object to the camera by means of an optical system,

- varying the position of the focus plane on the object by means of focusing

optics,

- obtaining at least one image from said array of sensor elements,

- determining the in-focus position(s) of:

- each of a plurality of the sensor elements for a sequence of focus

plane positions, or

- each of a plurality of groups of the sensor elements for a sequence of

focus plane positions.

In some embodiments the 3D scanning comprises:

- generating a probe light,

- transmitting the probe light towards the object thereby illuminating at least a

part of the object,

- transmitting light returned from the object to a camera comprising an array

of sensor elements,

- imaging on the camera at least part of the transmitted light returned from

the object to the camera by means of an optical system, where the optical

system comprises focusing optics configured for defining a focus plane on

the object when the 3D scanner is arranged in relation to the object,



- varying the position of the focus plane on the object by moving said

focusing optics,

- obtaining at least one focus plane image from said array of sensor

elements,

- determining the in-focus position(s) of:

- each of a plurality of the sensor elements for a sequence of focus

plane positions, or

- each of a plurality of groups of the sensor elements for a sequence

of focus plane positions.

In some embodiments, the in-focus position of a sensor element corresponds

to the position of the focus plane in which the focus plane intersects a portion

of the object surface and where the light rays returning from this portion of

the object surface are imaged onto this particular sensor element. In

embodiments, where a pattern is arranged to provide structure to the probe

light, the in-focus position for a given sensor element may correspond to the

position of the focus plane where the pattern is in focus on the object being

scanned for this sensor element. The camera may record a high value of the

correlation measure for that sensor element at the in-focus position, when the

position of the focus plane is varied over a range of values.

In some embodiments, the 3D surface is generated from the sequence of

focus plane images by motion compensating each focus plane image prior to

the generation of the 3D surface.

In some embodiments, the 3D surface is generated from the sequence of

focus plane images and motion compensation is subsequently performed to

determine the relative motion during the focus plane acquisition.



In some embodiments, the position of the focus plane is varied by translating

the focusing optics relative to other optical components of the 3D scanner

and/or by moving the focusing optics relative to the casing of the scanner.

There may be for example more than 200 focus plane images, such as 225

focus plane images, in a sequence of focus plane images used in generating

a 3D surface. The focus plane images are 2D images.

In some embodiments, the optical system used for imaging on the camera

transmitted light returned from the object to the camera is also used for

transmitting the probe light towards the object and/or for transmitting light

returned from the object to the camera,

The array of sensor elements may comprise image sen sor(s), photo

sensor(s) and the like which is suitable for acquiring images in a scanner. By

scanning is generally meant optical scanning or imaging using laser light,

white light etc.

In some embodiments a sequence of focus plane images captured along the

direction of the optical axis are combined to provide a are depth image.

In some embodiments at least a part of the object is in focus in at least one of

the focus plane images in a sequence of focus plane images.

In some embodiments the time period between acquisition of each focus

plane image in a sequence is fixed/predetermined/known.

Each focus plane image may be acquired a certain time period after the

previous focus plane image was acquired. The focusing optics may move

between the acquisition of each image, and thus each focus plane image



may be acquired in a different distance from or at a different position relative

to the object than the previous focus plane images.

One cycle of focus plane image capture may be from when the focusing

optics is in position P until the focusing optics is again in position P. This

cycle may be denoted a sweep. There may such as 15 sweeps per second.

A number of 3D surfaces or sub-scans may then be combined to create a full

scan of the object for generating a 3D model of the object. In other words, a

3D model of the object can be generated by combining a number of said 3D

surfaces or sub-scans acquired during a scanning of at least part of the

object.

In some embodiments, a sub-scan for a given sequence of focus plane

images is generated by analyzing the individual focus plane images and

identifying the portions (if any) of each focus plane wherein a section of the

object is imaged in focus into the camera. The in-focus portions are then

combined to provide the sub-scan. The sub-scan may thus comprise 3D

points corresponding to the identified in-focus portions. A 3D surface for a

given sub-scan can be generated by a triangulation of the 3D points of the

sub-scan using computer implemented algorithms.

In some embodiments, a sequence of focus plane images is obtained every

time the focus plane position is varied from one end of the range of positions

covered by the cycle to the opposite end of this range, such that two

sequences are acquired for each cycle.

In some embodiments determining the relative motion of the scanner during

the acquisition of the sequence of focus plane images is performed by

analysis of the sequence in itself. The relative motion of the scanner and the

object during the acquisition of the sequence of focus plane images can be



determined by analyzing the focus plane images of the sequence. The

relative motion can e.g. be determined based on structures or surface

sections identified in different focus plane images.

Motion detection by means of hardware

In some embodiments determining the relative motion of the scanner during

the acquisition of the sequence of focus plane images is performed by

sensors in and/or on the scanner and/or by sensors on the object and/or by

sensors in the room where the scanner and the object are located.

The motion sensors may be small sensor such as microelectromechanical

systems (MEMS) motion sensors. The motion sensors m ay measure all

motion in 3D, i.e., both translations and rotations for the three principal

coordinate axes. The benefits are:

- Motion sensors can detect motion, also vibrations and/or shaking. Scans

such affected can e.g. be corrected by use of the compensation techniques

described.

- Motion sensors can help with stitching and/or registering partial scans and

different 3D surfaces to each other. This advantage is relevant when the field

of view of the scanner is smaller than the object t o be scanned. In this

situation, the scanner is applied for small regions of the object (one at a time)

that then are combined to obtain the full scan. In the ideal case, motion

sensors can provide the required relative rigid-motion transformation

between partial scans' local coordinates, because they measure the relative

position of the scanning device in each partial scan. Motion sensors with

limited accuracy can still provide a first guess for a software-based stitching/

registration of partial scans based on, e.g., the Iterative Closest Point class of

algorithms, resulting in reduced computation time.



Even if it is too inaccurate to sense translational motion, a 3-axis

accelerometer can provide the direction of gravity relative to the scanning

device. Also a magnetometer can provide directional information relative to

the scanning device, in this case from the earth's magnetic field. Therefore,

such devices can help with stitching/registration.

In some embodiments the motion is determined by determining the position

and orientation of one or more of the sensors.

In some embodiments the motion is determined by means of one or more

physical components arranged in the handheld scanner.

In some embodiments the motion is determined by means of 3D position

sensors.

In some embodiments the motion is determined by means of optical tracking.

The optical tracking may comprise LED(s) and camera (s), where the LED(s)

may flash and the flashing can be detected by the camera(s).

In some embodiments the motion is determined by means of one or more

gyroscopes.

A gyroscope is a device for measuring or maintaining orientation, based on

the principles of conservation of angular momentum. A mechanical

gyroscope is essentially a spinning wheel or disk whose axle is free to take

any orientation. The gyroscopes used to determine the orientation of the

sensor may be mechanical gyroscopes, electronic, microchip-packaged

MEMS gyroscope devices, solid state ring lasers, f i bre optic gyroscopes,

quantum gyroscope and/or the like.

In some embodiments the motion is determined by means of one or more

accelerometers.



In some embodiments the motion is determined by means of one or more

magnetometers.

In some embodiments the motion is determined by means of one or more

electromagnetic coils.

In some embodiments the motion is determined by means of a computerized

measurement arm.

The measurement arm may for instance be from FARO Technologies. There

may be goniometers in the measurement arm for measu ring the movements

of the arm.

In some embodiments the motion is determined by means of one or more

axes on which the sensor is configured to move.

An example of an axes based system is a coordinate measuring machine

(CMM), which is a device for measuring the physical geometrical

characteristics of an object. This machine may be computer controlled. A

typical CMM is composed of three axes, X, Y and Z, and these axes are

orthogonal to each other in a typical three dimensional coordinate system.

Each axis has a scale system that indicates the location of that axis.

Measurements may be defined by a probe attached to the third moving axis

of this machine, and the machine will read the input from the touch probe.

Probes may be mechanical, optical, laser, or white light, among others.

In some embodiments the axes on which the sensor is configured to move

are translational and / or rotational axes.

For each focus plane image that is acquired there is six degrees of freedom

of the sensor, e.g. the handheld scanner, since the scanner is a rigid body

which can perform motion in a three dimensional space, where the motion

can be translation in three perpendicular axes, x , y, z, which is movement

forward/backward, up/down, left/right, and this is combined with rotation

about the three perpendicular axes. Thus the motion has six degrees of



freedom as the movement along each of the three axes is independent of

each other and independent of the rotation about any of these axes.

In some embodiments the motion is determined by means of a texture image

sensor having a depth of focus which is larger than the depth of focus of the

focusing optics.

In some embodiments, the optical system of the 3D scanner is configured for

imaging with a first depth of focus on the camera at least part of the

transmitted light returned from the object to the array of sensor elements of

the camera.

3D scanner comprising a second camera

In some embodiments, the 3D scanner comprises a second camera

configured for capturing at least some of the selected light rays with a second

depth of field which is larger than the first depth of field. In some cases it may

be advantageous that the second depth of field image has such a large depth

of field that all scanned parts of the object are in focus. The second depth of

field image may also have the same perspective as the first depth of field

images.

In some embodiments, the 3D scanner comprises a second optical system

comprising means for selecting a portion of light rays returned from the object

and imaging these light rays onto the second camera.

In some embodiments, the second camera is a miniatu re camera with a

diameter of a few millimeters. The miniature camera may be sufficiently small

such that it can be placed in beam path of the optical system of the 3D

scanner without changing the field of view significantly.



Furthermore, it may be advantageous that the second depth of field image

can have a large frame rate, such as e.g. 30 fps or 60 fps. In a hand-held

focus scanner the high frame rate may be used for aiding a tracking of the

relative motion of the scanner and the object being scanned by analyzing the

motion of feature points in the large depth of field images.

Furthermore, it may be advantageous that the second depth of field image

can be in colors. This may allow for overlay of color texture onto the 3D

scanned surface.

Furthermore, it may be advantageous that the second depth of field image in

color can be used for distinguishing different materials or surfaces on the

object being scanned. Such a distinction can be useful in further treatment of

the 3D data of the object.

In some embodiments the second depth of field image is substantially

unaffected by varying the position of the focus plane on the object.

Motion detection by means of focus plane image sequence analysis

In some embodiments determining the relative motion of the scanner during

the acquisition of the sequence of focus plane images is performed by

analysis of the sequence and one or more other sequences obtained before

and/or after said sequence.

In some embodiments each sequence involved in the determination of the

motion covers a portion of the surface of the object having at least a partial

overlap with a portion of the surface covered by at least one other sequence.

In some embodiments it is assumed that at least a part of the object is a rigid

body.



In some embodiments the motion determination and 3D surface generation

comprises:

- generating a first 3D surface from a first sequence assuming no motion blur

from the first sequence,

- generating at least a second 3D surface from at least a second sequence

assuming no motion blur,

- estimating a scanner position relative to each of the generated 3D surfaces,

- determining an overlap between the generated 3D surfaces by stitching,

thereby expressing the at least two 3D surfaces and the relative scanner

positions in a common coordinate system,

- determining the relative scanner motion during the first sequence from the

obtained relative scanner positions in the common coordinate system.

In some embodiments the motion determination and 3D surface generation

comprises:

- generating a first 3D surface from a first sequence assuming no motion blur

from the first sequence,

- generating at least a second 3D surface from at least a second sequence

assuming no motion blur

- estimating the relative scanner position for each of the generated 3D

surfaces,

- determining an overlap between the generated 3D surfaces by stitching,

such that the at least two 3D surfaces and the relative scanner positions can

be expressed in a common coordinate system,

- determining the relative scanner motion during the first sequence from the

obtained relative scanner positions in the common coordinate system.

In some embodiments the motion determination and 3D surface generation

comprises:

- generating a first 3D surface from a first sequence assuming no motion blur

from the first sequence,



- generating at least a second 3D surface from at least a second sequence

assuming no motion blur

- estimating the relative scanner position for each of the generated 3D

surfaces,

- determining an overlap between the generated 3D surfaces by stitching,

and expressing the at least two 3D surfaces and the relative scanner

positions in a common coordinate system,

- determining the relative scanner motion between acquiring the first

sequence and the second sequence based on the obtai ned relative scanner

positions in the common coordinate system.

It is understood that the first and the second sequences and the first and

second 3D surfaces are not necessarily the first and the second sequence or

the first and second 3D surface which is acquired during a scanning of an

object but may be any two sequences and 3D surfaces acquired during this

scanning.

The relative scanner position for a generate 3D surface may correspond to

an average position of the scanner relative to the object during the

acquisition of the sequence of focus plane images from which this 3D surface

is generated. This may in particular be the case if there is a relative

movement during the acquisition of the sequence of focus plane images.

The relative scanner motion during the first sequence may be obtained from

the obtained relative scanner positions in the common coordinate system

based on an assumption that the movement is smooth from the scanner

position relative to the first generated 3D surface to the scanner position

relative to the second generated 3D surface. A time stamp may be needed

on each generated 3D surface and/or on the focus plane images for

determining the relative scanner motion.



When an overlap between the generated 3D surfaces has been determined

e.g. by stitching, the relative orientation and position of the 3D surfaces can

be determined. For example, the generated 3D surfaces may be projected

into a common coordinate system. The estimated relative scanner positions

may be given relative to the generated 3D surface and these positions can

also be projected into the common coordinate system , such that the 3D

surfaces and the relative scanner positions can be expressed in the common

coordinate system.

In some embodiments the motion determination and 3D surface generation

comprises performing, in an iterative fashion, the following steps one or more

times:

- determining the relative scanner motion from the obtained relative scanner

positions in a common coordinate system during each of the sequences

corresponding to the generated 3D surfaces,

- performing a motion compensation of each of the 3D surfaces based on the

determined relative scanner motion,

- re-determining the overlap(s) between the generated 3D surfaces by

stitching, thereby expressing all 3D surfaces and relative scanner positions in

the common coordinate system,

- re-determining the relative scanner motion during the first sequence from

the re-obtained relative scanner positions in the common coordinate system,

- re-performing a motion compensation based on the re-determined motion;

and

- re-generating a 3D surface from the sequence of focus plane images.

In some embodiments, the motion determination and 3 D surface generation

comprises:



a: determining the relative scanner motion from the relative scanner positions

during the acquisition of the sequences of focus plane images used for

generating the 3D surfaces;

b: performing a motion compensation of each of the 3D surfaces based on

the determined relative scanner motion;

c : determining the overlap(s) between the motion compensated 3D surfaces

and expressing all 3D surfaces and relative scanner positions in a common

coordinate system;

d : determining a more precise measure of the relative scanner motion from

the relative scanner positions determined in step c ;

e: performing a further motion compensation which is based on the more

precise measure of the relative scanner motion; and

f : generating a 3D surface from the sequence of focus plane images which is

motion compensated in step e.

In some embodiments, at least some of the steps a: to d: are performed in an

iterative fashion, such that at least some of these steps are performed one or

more times.

In some embodiments, the motion compensation of each of the 3D surfaces

performed in step b: comprises a motion compensation of the individual focus

plane images based on the determined relative scanner motion.

In some embodiments, the further motion compensation of each of the 3D

surfaces performed in step e: comprises a motion compensation of the

individual focus plane images based on the more precise measure of the

relative scanner motion.

Different types of possible motion

In some embodiments the scanner is hand held.

In some embodiments the acquisition of the focus plane images is adapted to

be performed during relative motion of the scanner and the object.



Thus the acquisition of focus plane images can be performed while the

sensor is moving relative to the object. Some of the focus plane image may

however still be acquired while the sensor and the object is not moving

relative to each other. But it is understood that the focus plane images may

be acquired while the sensor is moving relative to the object. Prior art does

not provide for motion compensation in relation to a 3D scanner where focus

plane images can be acquired while the handheld scanner, and thereby,

sensor is moving, i.e. in prior art scanners focus plane images acquired

during motion cannot be processed and used to obtain an assembled scan of

an object.

In some embodiments the motion of the scanner is free and not restricted to

any predetermined/certain/specific motion pattern.

In some embodiments the scanner is a desktop scanner.

In some embodiments the scanner and/or the object is constrained to move

along one or more axes.

In some embodiments said axes are translational and/or rotational axes.

Different types of motion determination

In some embodiments the motion is determined along one spatial or

rotational coordinate.

In some embodiments the motion is determined along any one or more of

two - six spatial and/or rotational coordinates.

Different types of motion compensation



In some embodiments the determined motion is

registered/recorded/represented as a velocity vector for at least two focus

plane images of the sequence of focus plane images.

In some embodiments the determined motion is

registered/recorded/represented as a constant velocity and / or rotation

vector for the whole sequence of focus plane images in a sequence.

In some embodiments the determined motion is

registered/recorded/represented as a curve/trajectory fitted between the

focus plane images.

In some embodiments the fitted curve/trajectory is along one or more

translational and / or rotational dimensions.

In some embodiments the motion compensation comprises virtually shifting

one or more of the focus plane images in a sequence into a position and/or

orientation corresponding to the position and/or orientation of another one of

the focus plane images in the sequence, such as the first one of the focus

plane images in the sequence or a focus plane near the middle of said

sequence. The another one of the focus plane images in the sequence which

the one or more focus plane images are shifted to may be a focus plane

image selected based on the quality of the focus in that image.

In some embodiments the motion compensation comprises substituting a first

3D point on the generated 3D surface with a second 3D point according to

the corresponding virtually shifted focus plane image.

In some embodiments the motion compensation comprises shifting one or

more pixels, such as shifting data acquired by the sensor elements.



For example a pixel group of 6x6 pixels, 8x8 pixels or the like, may be

shifted.

Creation of a virtual 3D model

In some embodiments a virtual 3D model of the object is created by means of

one or more of the generated 3D surfaces.

Furthermore, the method disclosed may also provide for motion unwarping,

optimization of LED power to the relevant material, e.g. teeth, based on

multiple criteria, hole closing by means of LED adj ustment, virtual

preparation, combination of old and news scans, separate scans using the

focus scanning, auto segmentation from a 2D image, detection of other

features from the 2D image, features for facilitating use of multiple cords

when performing preparations, use of the focus scanning in knee diagnosis,

in brain applications, in surgery tools, alignment of x-ray scans with the focus

scanning, real-time preparation guides etc.

Aligning/registration

In some embodiments the motion between at least two subsequent 3D

surfaces are determined by aligning/registering the at least two subsequent

3D surfaces.

This may be performed by means of the method of iterative closest point

(ICP) or similar methods. The method of Iterative Closest Point (ICP) can be

used for aligning, and it is employed to minimize the difference between two

clouds of points. ICP can be used to reconstruct 2D or 3D surfaces from

different scan. ICP iteratively revises the transformation, i.e. translation or

rotation, needed to minimize the distance between the points of two raw

scans. The input for ICP may be points from two raw scans, initial estimation

of the transformation, and criteria for stopping the iteration. The output will

thus be a refined transformation.



Additionally and/or alternatively, the method of least squares fit can be used

in alignment.

In some embodiments aligning/registering is performed by selecting

corresponding points on the at least two 3D surfaces, and minimizing the

distance between the at least two 3D surfaces.

Corresponding points may the closest points on two surfaces, or point

determined by a normal vector from a point on the other surface etc

The distance may be minimized with regards to translation and rotation.

In some embodiments aligning/registration is contin ued in an iterative

process to obtain an improved motion estimation.

In some embodiments the sensor position of each sequence is determined

based on the alignment.

In some embodiments aligning comprises aligning the coordinate systems of

at least two 3D surfaces.

In some embodiments aligning comprises aligning by means of matching /

comparing one or more specific features, such as one or more specific

features common to the at least two 3D surfaces, such as the margin line of a

prepared tooth.

In some embodiments aligning comprises aligning by means of matching /

comparing one or more peripheral features of the at least two 3D surfaces.

In some embodiments aligning comprises registration of the at least two 3D

surfaces.



In some embodiments aligning comprises applying a predefined criterion for

maximum allowed error in the registration.

In some embodiments the motion compensation comprises reconstructing a

self-consistent surface model and motion and/or rotation of the scanner

relative to the object from two or more scans of the object where two

successive scans overlap at least partially.

The method and apparatus described in this invention is for providing a 3D

surface registration of objects using light as a non-contact probing agent. In

some embodiments, the probe light is provided in the form of an illumination

pattern to provide a light oscillation on the object. The variation / oscillation in

the pattern may be spatial, e.g. a static checkerboard pattern, and/or it may

be time varying, for example by moving a pattern across the object being

scanned. The invention provides for a variation of the focus plane of the

pattern over a range of focus plane positions while maintaining a fixed spatial

relation of the scanner and the object. It does not mean that the scan must

be provided with a fixed spatial relation of the scanner and the object, but

merely that the focus plane can be varied (scanned) with a fixed spatial

relation of the scanner and the object. This provides for a hand held scanner

solution based on the present invention.

In some embodiments the signals from the array of sensor elements are light

intensity.

One embodiment of the invention comprises a first optical system, such as

an arrangement of lenses, for transmitting the probe light towards the object

and a second optical system for imaging light returned from the object to the

camera.

In some embodiments, only one optical system images the pattern onto the

object and images the object, or at least a part of the object, onto the



camera, such as along the same optical axis, however along opposite optical

paths.

In some embodiments, an optical system provides an imaging of the pattern

onto the object being probed and from the object being probed to the

camera. The focus plane may be adjusted in such a way that the image of

the pattern on the probed object is shifted along the optical axis, such as in

equal steps from one end of the scanning region to the other. A probe light

incorporating the pattern provides a pattern of light and darkness on the

object. Specifically, when the pattern is varied in time for a fixed focus plane

then the in-focus regions on the object may display an oscillating pattern of

light and darkness. The out-of-focus regions will display smaller or no

contrast in the light oscillations.

Generally the description of the invention is based on the case where the

light incident on the object is reflected diffusively and/or specularly from the

object's surface. But it is understood that the scanning apparatus and method

are not limited to this situation. They are also applicable to e.g. the situation

where the incident light penetrates the surface and is reflected and/or

scattered and/or gives rise to fluorescence and/or phosphorescence in the

object. Inner surfaces in a sufficiently translucent object may also be

illuminated by the illumination pattern and be imaged onto the camera. In this

case a volumetric scanning is possible. Some planktic organisms are

examples of such objects.

When a time varying pattern is applied, a single sub-scan can be obtained by

collecting a number of 2D images at different positions of the focus plane and

at different instances of the pattern. As the focus plane coincides with the

scan surface at a single pixel position, the pattern will be projected onto the

surface point in-focus and with high contrast, thereby giving rise to a large

variation, or amplitude, of the pixel value over time. For each pixel it is thus



possible to identify individual settings of the focusing plane for which each

pixel will be in focus. By using knowledge of the optical system used, it is

possible to transform the contrast information vs. position of the focus plane

into 3D surface information, on an individual pixel basis.

Thus, in one embodiment of the invention the focus position is calculated by

determining the light oscillation amplitude for each of a plurality of sensor

elements for a range of focus planes.

For a static pattern a single sub-scan can be obtained by collecting a number

of 2D images at different positions of the focus plane. As the focus plane

coincides with the scan surface, the pattern will be projected onto the surface

point in-focus and with high contrast. The high contrast gives rise to a large

spatial variation of the static pattern on the surface of the object, thereby

providing a large variation, or amplitude, of the pixel values over a group of

adjacent pixels. For each group of pixels it is thus possible to identify

individual settings of the focusing plane for which each group of pixels will be

in focus. By using knowledge of the optical system used, it is possible to

transform the contrast information vs. position of the focus plane into 3D

surface information, on an individual pixel group basis.

Thus, in one embodiment of the invention the focus position is calculated by

determining the light oscillation amplitude for each of a plurality of groups of

the sensor elements for a range of focus planes.

The 2D to 3D conversion of the image data can be performed in a number of

ways known in the art. I.e. the 3D surface structure of the probed object can

be determined by finding the plane corresponding to the maximum light

oscillation amplitude for each sensor element, or for each group of sensor

elements, in the camera's sensor array when recording the light amplitude for

a range of different focus planes. In some embodiments, the focus plane is



adjusted in equal steps from one end of the scanning region to the other. The

focus plane can be moved in a range large enough to at least coincide with

the surface of the object being scanned.

In some embodiments, the scanner comprises at least one beam splitter

located in the optical path. For example, an image of the object may be

formed in the camera by means of a beam splitter. Exemplary uses of beam

splitters are illustrated in the figures.

In some embodiments, light is transmitted in an optical system comprising a

lens system. This lens system may transmit the pattern towards the object

and images light reflected from the object to the camera.

In a telecentric optical system, out-of-focus points have the same

magnification as in-focus points. Telecentric projection can therefore

significantly ease the data mapping of acquired 2D images to 3D images.

Thus, in some embodiments, the optical system is substantially telecentric in

the space of the probed object. The optical system may also be telecentric in

the space of the pattern and camera.

Varying focus

In embodiments, where the 3D scanner comprises movable focusing optics

the variation, i.e. scanning, of the focus plane is possible without moving the

scanner in relation to the object being scanned. The focus plane may be

varied, such as continuously varied in a periodic fashion, even when the

pattern generation means, the camera, and the object being scanned are

fixed in relation to each other. Further, the 3D surface acquisition time should

be small enough to reduce the impact of relative movement between probe

and teeth, e.g. reduce effect of shaking. In some embodiments, the focus

plane is varied by means of at least one focusing element, such as moved by

moving the focusing optics. In some embodiments, the focus plane is



periodically varied with a predefined frequency. Said frequency may be at

least 1 Hz, such as at least 2 Hz, 3, 4, 5 , 6, 7 , 8 , 9 or at least 10 Hz, such as

at least 20, 40, 60, 80 or at least 100 Hz.

In some embodiments, the focusing element is part of the optical system. I.e.

the focusing element may be a lens in a lens system. Some embodiments of

the scanner comprise means, such as a translation stage, for adjusting and

controlling the position of the focusing element. In that way the focus plane

may be varied, for example by translating the focusing element back and

forth along the optical axis.

If a focusing element is translated back and forth with a frequency of several

Hz this may lead to instability of the scanner. Some embodiments of the

scanner thus comprises means for reducing and/or eliminating the vibration

and/or shaking from the focusing element adjustment system, thereby

increasing the stability of the scanner. This may at least partly be provided by

means for fixing and/or maintaining the centre of mass of the focusing

element adjustment system, such as a counter-weight to substantially

counter-balance movement of the focusing element; for example, by

translating a counter-weight opposite to the movement of the focusing

element. Ease of operation may be achieved if the counter-weight and the

focusing element are connected and driven by the same translation means.

This may however, only substantially reduce the vibration to the first order. If

a counter-weight balanced device is rotated around the counter-weight

balanced axis, there may be issues relating to the torque created by the

counter-weights. A further embodiment of the invention thus comprises

means for reducing and/or eliminating the first order, second order, third

order and/or higher order vibration and/or shaking from the focusing element

adjustment system, thereby increasing the stability of the scanner.



In another embodiment of the invention more than one optical element is

moved to shift the position of the focus plane. In that embodiment it is

desirable that these elements are moved together and that the elements are

physically adjacent.

In some embodiments, the optical system is telecentric, or near telecentric,

for all focus plane positions. Thus, even though one or more lenses in the

optical system may be shifted back and forth to change the focus plane

position, the telecentricity of the optical system is maintained.

Some embodiments of the scanner comprise focus gearing. Focus gearing is

the correlation between movement of the lens and movement of the focus

plane position. E.g. a focus gearing of 2 means that a translation of the

focusing element of 1 mm corresponds to a translation of the focus plane

position of 2 mm. Focus gearing can be provided by a suitable design of the

optical system. The advantage of focus gearing is that a small movement of

the focusing element may correspond to a large variation of the focus plane

position. In specific embodiments of the invention the focus gearing is

between 0.1 and 100, such as between 0.1 and 1, such as between 1 and

10, such as between 2 and 8, such as between 3 and 6, such as least 10,

such as at least 20.

In another embodiment of the invention the focusing element is a liquid lens.

A liquid lens can control the focus plane without use of any moving parts.

Camera

The camera may be a standard digital camera accommodating a standard

CCD or CMOS chip with one A/D converter per line of sensor elements

(pixels). However, to increase the frame rate the scanner according to the

invention may comprise a high-speed camera accommodating multiple A/D

converters per line of pixels, e.g. at least 2, 4, 8 or 16 A/D converters per line



of pixels.

Pattern

In some embodiments, the 3D scanner is configured for providing a probe

light with an embedded pattern that is projected on to the object being

scanned. The pattern may be static or time varying. The time varying pattern

may provide a variation of light and darkness on and/or in the object.

Specifically, when the pattern is varied in time for a fixed focus plane then the

in-focus regions on the object will display an oscillating pattern of light and

darkness. The out-of-focus regions will display smaller or no contrast in the

light oscillations. The static pattern may provide a spatial variation of light and

darkness on and/or in the object. Specifically, the in-focus regions will display

an oscillating pattern of light and darkness in space. The out-of-focus regions

will display smaller or no contrast in the spatial light oscillations.

Light may be provided from an external light source, however preferably the

scanner comprises at least one light source and pattern generation means to

produce the pattern. It is advantageous in terms of signal-to-noise ratio to

design a light source such that the intensity in the non-masked parts of the

pattern is as close to uniform in space as possible. In another embodiment

the light source and the pattern generation means is integrated in a single

component, such as a segmented LED. A segmented LED may provide a

static pattern and/or it may provide a time varying pattern in itself by turning

on and off the different segments in sequence. In one embodiment of the

invention the time varying pattern is periodically varying in time. In another

embodiment of the invention the static pattern is periodically varying in

space.

Light from the light source (external or internal) may be transmitted through

the pattern generation means thereby generating the pattern. For example

the pattern generation means comprises at least one translucent and/or



transparent pattern element. For generating a time varying pattern a wheel,

with an opaque mask can be used. E.g. the mask comprises a plurality of

radial spokes, preferably arranged in a symmetrical order. The scanner may

also comprise means for rotating and/or translating the pattern element. For

generating a static pattern a glass plate with an opaque mask can be used.

E.g. the mask comprises a line pattern or checkerboard pattern. In general

said mask preferably possesses rotational and/or translational periodicity.

The pattern element is located in the optical path. Thus, light from the light

source may be transmitted through the pattern element, e.g. transmitted

transversely through the pattern element. The time varying pattern can then

be generated by rotating and/or translating the pattern element. A pattern

element generating a static pattern does not need t o be moved during a

scan.

Correlation

One object of the invention is to provide short scan time and real time

processing, e.g. to provide live feedback to a scanner operator to make a fast

scan of an entire tooth arch. However, real time high resolution 3D scanning

creates an enormous amount of data. Therefore some data processing may

preferably be provided in the scanner housing, i.e. close to the optical

components, to reduce data transfer rate to e.g. a cart, workstation or

display. In order to speed up data processing time and in order to extract in-

focus information with an optimal signal-to-noise ratio various correlation

techniques may be embedded / implemented. This may for example be

implemented in the camera electronics to discriminate out-of-focus

information. The pattern may be applied to provide illumination with an

embedded spatial structure on the object being scanned. Determining in-

focus information may then relate to calculating a correlation measure of this

spatially structured light signal (which we term input signal) with the variation

of the pattern itself (which we term reference signal). In general the

magnitude of such a correlation measure is high if the input signal coincides



with the reference signal. If the input signal displays little or no variation then

the magnitude of the correlation measure is low. If the input signal displays a

large spatial variation but this variation is different than the variation in the

reference signal then the magnitude of the correlation measure is also low. In

a further embodiment of the invention the scanner and/or the scanner head

may be wireless, thereby simplifying handling and operation of the scanner

and increasing accessibility under difficult scanning situations, e.g. intra-oral

or in the ear scanning. However, wireless operation may further increase the

need for local data processing to avoid wireless transmission of raw 3D data.

In some embodiments, the reference signal is provided by the pattern

generating means and may be periodic. The variation in the input signal may

be periodic and it may be confined to one or a few periods. The reference

signal may be determined independently of the input signal. Specifically in

the case of a periodic variation, the phase between the oscillating input and

reference signal may be known independently of the input signal. In the case

of a periodic variation the correlation is typically related to the amplitude of

the variation. If the phase between the oscillating input and reference signals

is not known it may be necessary to determine both cosine and sinusoidal

part of the input signal before the input signal's amplitude of variation can be

determined. This is not necessary when the phase is known.

To obtain a sharp image of an object by means of a camera the object must

be in focus and the optics of the camera and the object must be in a fixed

spatial relationship during the exposure time of the image sensor of the

camera. Applied to the present invention this should imply that the pattern

and the focus should be varied in discrete steps to be able to fix the pattern

and the focus for each image sampled in the camera, i.e. fixed during the

exposure time of the sensor array. However, to increase the sensitivity of the

image data the exposure time of the sensor array should be as high as the

sensor frame rate permits. Thus, in some embodiments images are recorded



(sampled) in the camera while the pattern is continuously varying (e.g. by

continuously rotating a pattern wheel) and the focus plane is continuously

moved. This implies that the individual images will be slightly blurred since

they are the result of a time-integration of the image while the pattern is

varying and the focus plane is moved. This is something that one could

expect to lead to deterioration of the data quality, but in practice the

advantage of concurrent variation of the pattern and the focus plane is bigger

than the drawback.

In some embodiments images are recorded (sampled) in the camera while

the pattern is fixed and the focus plane is continuously moved, i.e. no

movement of the pattern. This could be the case when the light source is a

segmented light source, such as a segment LED that flashes in an

appropriate fashion. In this embodiment the knowledge of the pattern is

obtained by a combination of prior knowledge of the geometry of the

individual segments on the segmented LED give rise to a variation across

light sensing elements and the applied current to different segments of the

LED at each recording.

In yet another embodiment of the invention images are recorded (sampled) in

the camera while the pattern is continuously varying and the focus plane is

fixed.

In yet another embodiment of the invention images are recorded (sampled) in

the camera while the pattern and the focus plane are fixed.

Spatial correlation

The above mentioned correlation principles (temporal correlation and optical

correlation) require the pattern to be varying in time. If the optical system and

camera provides a lateral resolution which is at least two times what is

needed for the scan of the object then it is possible to scan with a static



pattern, i.e. a pattern which is not changing in time. This principle is termed

"spatial correlation". The correlation measure is thus at least computed with

sensor signals recorded at different sensor sites.

The lateral resolution of an optical system is to be understood as the ability of

optical elements in the optical system, e.g. a lens system, to image spatial

frequencies on the object being scanned up to a certain point. Modulation

transfer curves of the optical system are typically used to describe imaging of

spatial frequencies in an optical system. One could e.g. define the resolution

of the optical system as the spatial frequency on the object being scanned

where the modulation transfer curve has decreased to e.g. 50%. The

resolution of the camera is a combined effect of the spacing of the individual

camera sensor elements and the resolution of the optical system.

In the spatial correlation the correlation measure refers to a correlation

between input signal and reference signal occurring in space rather than in

time. Thus, in one embodiment of the invention the resolution of the

measured 3D geometry is equal to the resolution of the camera. However, for

the spatial correlation the resolution of the measured 3D geometry is lower

than the resolution of the camera, such as at least 2 times lower, such as at

least 3 times lower, such as at least 4 times lower, such as least 5 times

lower, such as at least 10 times lower. In some embodiments, the sensor

element array is divided into groups of sensor elements, preferably

rectangular groups, such as square groups of sensor elements, preferably

adjacent sensor elements. The resolution of the scan, i.e. the measured 3D

geometry, will then be determined by the size of these groups of sensor

elements. The oscillation in the light signal is provided within these groups of

sensor elements, and the amplitude of the light oscillation may then be

obtained by analyzing the groups of sensor elements. The division of the

sensor element array into groups may be provided in the data processing

stage, i.e. the division is not a physical division thereby possibly requiring a



specially adapted sensor array. Thus, the division into groups is "virtual" even

though the single pixel in a group is an actual physical pixel.

In one embodiment of the invention the pattern possesses translational

periodicity along at least one spatial coordinate. In a further embodiment of

the invention the spatially periodic pattern is aligned with the rows and/or the

columns of the array of sensor elements. For example in the case of a static

line pattern the rows or columns of the pixels in the camera may be parallel

with the lines of the pattern. Or in the case of a static checkerboard pattern

the row and columns of the checkerboard may be alig ned with the rows and

columns, respectively, of the pixels in the camera. By aligning is meant that

the image of the pattern onto the camera is aligned with the "pattern" of the

sensor element in the sensor array of the camera. Thus, a certain physical

location and orientation of the pattern generation means and the camera

requires a certain configuration of the optical components of the scanner for

the pattern to be aligned with sensor array of the camera.

In a further embodiment of the invention at least one spatial period of the

pattern corresponds to a group of sensor elements. In a further embodiment

of the invention all groups of sensor elements contain the same number of

elements and have the same shape. E.g. when the period of a checkerboard

pattern corresponds to a square group of e.g. 2x2, 3x3, 4x4, 5x5, 6x6, 7x7,

8x8, 9x9, 10x1 0 or more pixels on the camera.

In yet another embodiment one or more edges of the pattern is aligned with

and/or coincide with one or more edges of the array of sensor elements. For

example a checkerboard pattern may be aligned with the camera pixels in

such a way that the edges of the image of the checkerboard pattern onto the

camera coincide with the edges of the pixels.



In spatial correlation independent knowledge of the pattern configuration

allows for calculating the correlation measure at each group of light sensing.

For a spatially periodic illumination this correlation measure can be computed

without having to estimate the cosine and sinusoidal part of the light intensity

oscillation. The knowledge of the pattern configuration may be obtained prior

to the 3D scanning.

Compared to temporal correlation, spatial correlation has the advantage that

no moving pattern is required. This implies that knowledge of the pattern

configuration may be obtained prior to the 3D scann ing. Conversely, the

advantage of temporal correlation is its higher resolution, as no pixel

grouping is required.

All correlation principles, when embodied with an image sensor that allows

very high frame rates, enable 3D scanning of objects in motion with little

motion blur. It also becomes possible to trace moving objects over time ("4D

scanning"), with useful applications for example in machine vision and

dynamic deformation measurement. Very high frame rates in this context are

at least 500, but preferably at least 2000 frames per second.

Transforming correlation measure extrema to 3D world coordinates

Relating identified focus position(s) for camera sensor or camera sensor

groups to 3D world coordinates may be done by ray tracing through the

optical system. Before such ray tracing can be performed the parameters of

the optical system need to be known. One embodiment of the invention

comprises a calibration step to obtain such knowledge. A further embodiment

of the invention comprises a calibration step in which images of an object of

known geometry are recorded for a plurality of focus positions. Such an

object may be a planar checkerboard pattern. Then, the scanner can be

calibrated by generating simulated ray traced images of the calibration object



and then adjusting optical system parameters as to minimize the difference

between the simulated and recorded images.

In a further embodiment of the invention the calibration step requires

recording of images for a plurality of focus positions for several different

calibration objects and/or several different orientations and/or positions of

one calibration object.

With knowledge of the parameters of the optical system, one can employ

backward ray tracing technique to estimate the 2D -> 3D mapping. This

requires that the scanner's optical system be known , preferably through

calibration. The following steps can be performed:

1. From each pixel of the image (at the image sensor), trace a certain

number of rays, starting from the image sensor and through the optical

system (backward ray tracing).

2. From the rays that emit, calculate the focus point, the point where all these

rays substantially intersect. This point represents the 3D coordinate of where

a 2D pixel will be in focus, i.e., in yield the global maximum of light oscillation

amplitude.

3. Generate a look up table for all the pixels with their corresponding 3D

coordinates.

The above steps are repeated for a number of different focus lens positions

covering the scanner's operation range.

When a time varying pattern is applied a single sub-scan can be obtained by

collecting a number of 2D images at different positions of the focus plane and

at different instances of the pattern. As the focus plane coincides with the

scan surface at a single pixel position, the pattern will be projected onto the

surface point in-focus and with high contrast, thereby giving rise to a large

variation, or amplitude, of the pixel value over time. For each pixel it is thus

possible to identify individual settings of the focusing plane for which each



pixel will be in focus. By using knowledge of the optical system used, it is

possible to transform the contrast information vs. position of the focus plane

into 3D surface information, on an individual pixel basis.

Thus, in one embodiment of the invention the focus position is calculated by

determining the light oscillation amplitude for each of a plurality of sensor

elements for a range of focus planes.

For a static pattern a single sub-scan can be obtained by collecting a number

of 2D images at different positions of the focus plane. As the focus plane

coincides with the scan surface, the pattern will be projected onto the surface

point in-focus and with high contrast. The high contrast gives rise to a large

spatial variation of the static pattern on the surface of the object, thereby

providing a large variation, or amplitude, of the pixel values over a group of

adjacent pixels. For each group of pixels it is thus possible to identify

individual settings of the focusing plane for which each group of pixels will be

in focus. By using knowledge of the optical system used, it is possible to

transform the contrast information vs. position of the focus plane into 3D

surface information, on an individual pixel group basis.

Thus, in one embodiment of the invention the focus position is calculated by

determining the light oscillation amplitude for each of a plurality of groups of

the sensor elements for a range of focus planes.

The 2D to 3D conversion of the image data can be performed in a number of

ways known in the art. I.e. the 3D surface structure of the probed object can

be determined by finding the plane corresponding to the maximum light

oscillation amplitude for each sensor element, or for each group of sensor

elements, in the camera's sensor array when recording the light amplitude for

a range of different focus planes. In some embodiments, the focus plane is

adjusted in equal steps from one end of the scanning region to the other. It



may be preferred that the focus plane can be moved in a range large enough

to at least coincide with the surface of the object being scanned.

The present invention relates to different aspects including the method

described above and in the following, and corresponding methods, devices,

uses and/or product means, each yielding one or more of the benefits and

advantages described in connection with the first mentioned aspect, and

each having one or more embodiments corresponding to the embodiments

described in connection with the first mentioned aspect and/or disclosed in

the appended claims.

In particular, disclosed herein is a system for compensating for motion blur

when performing a 3D scanning of at least a part of an object by means of a

3D scanner, where the motion blur occurs because the scanner and the

object are moved relative to each other while the scanning is performed, and

where the motion blur compensation system comprises:

- means for determining whether there is a relative motion between the

scanner and the object during the acquisition of the sequence of focus plane

images;

- means for performing a motion compensation based on the determined

motion, if a relative motion is determined; and

- means for generating a 3D surface from the sequence of focus plane

images.

In some embodiments, the means for determining whether there is a relative

motion between the scanner and the object during the acquisition of the

sequence of focus plane images, the means for perfo rming a motion

compensation based on the determined motion, and th e means for

generating a 3D surface from the sequence of focus plane images comprises

a data processing device, such as a computer or a microprocessor.



In some embodiments, the 3D scanner comprises a non -transitory computer

readable medium having one or more computer instructions stored thereon,

where said computer instructions comprises instructions for carrying out the

method for compensating for motions blur according to the present invention.

Disclosed is a scanner system comprising

- a focus scanning apparatus configured for use in relation to the method

according to the present invention; and

- a data processing device comprising a non-transitory computer readable

medium having one or more computer instructions stored thereon, where

said computer instructions comprises instructions for carrying out a method

of the present invention.

Furthermore, the invention relates to a computer program product comprising

program code means for causing a data processing system to perform the

method according to any of the embodiments, when said program code

means are executed on the data processing system, and a computer

program product, comprising a computer-readable medium having stored

there on the program code means.

Definitions

Pattern: A light signal comprising an embedded spatial structure in the

lateral plane. May also be termed "illumination pattern".

Time varying pattern: A pattern that varies in time, i.e. the embedded

spatial structure varies in time. May also be termed "time varying illumination

pattern". In the following also termed "fringes".



Static pattern: A pattern that does not vary in time, e.g. a stati c

checkerboard pattern or a static line pattern.

Pattern configuration: The state of the pattern. Knowledge of the pattern

configuration at a certain time amounts to knowing the spatial structure of the

illumination at that time. For a periodic pattern the pattern configuration will

include information of the pattern phase. If a surface element of the object

being scanned is imaged onto the camera then knowledge of the pattern

configuration amounts to knowledge of what part of the pattern is illuminating

the surface element.

Focus plane: A surface where light rays emitted from the pattern converge

to form an image on the object being scanned. The focus plane does not

need to be flat. It may be a curved surface.

Optical system: An arrangement of optical components, e.g. lenses, that

transmit, collimate and/or images light, e.g. transmitting probe light towards

the object, imaging the pattern on and/or in the object, and imaging the

object, or at least a part of the object, on the camera.

Optical axis: An axis defined by the propagation of a light beam . An optical

axis is often a straight line. In some embodiments of the invention the optical

axis is defined by the configuration of a plurality of optical components, e.g.

the configuration of lenses in the optical system. There may be more than

one optical axis, if for example one optical system transmits probe light to the

object and another optical system images the object on the camera. The

optical axis can be defined by the propagation of the light in the optical

system transmitting the pattern onto the object and imaging the object onto

the camera. The optical axis will often coincide with the longitudinal axis of

the scanner.



Optical path: The path defined by the propagation of the light from the light

source to the camera. Thus, a part of the optical path often coincides with the

optical axis. Whereas the optical axis may be a straight line, the optical path

may be a non-straight line, for example when the light is reflected, scattered,

bent, divided and/or the like provided e.g. by means of beam splitters,

mirrors, optical fibers and the like.

Telecentric system: An optical system that provides imaging in such a way

that the chief rays are parallel to the optical axis of said optical system. In a

telecentric system out-of-focus points have substantially same magnification

as in-focus points. This may provide an advantage in the data processing. A

perfectly telecentric optical system is difficult to achieve, however an optical

system which is substantially telecentric or near telecentric may be provided

by careful optical design. Thus, when referring to a telecentric optical system

it is to be understood that it may be only near telecentric.

Scan length: A lateral dimension of the field of view. If the probe tip (i.e.

scan head) comprises folding optics to direct the probe light in a direction

different such as perpendicular to the optical axis then the scan length is the

lateral dimension parallel to the optical axis.

Scan object: The object to be scanned and on which surface the scanner

provides information. "The scan object" may just be termed "the object".

Camera: Imaging sensor comprising a plurality of sensors that respond to

light input onto the imaging sensor. The sensors can be ordered in a 2D

array in rows and columns.

Input signal: Light input signal or sensor input signal from the sensors in the

camera. This can be integrated intensity of light incident on the sensor during



the exposure time or integration of the sensor. In general, it translates to a

pixel value within an image. May also be termed "sensor signal".

Reference signal: A signal derived from the pattern. A reference signal may

also be denoted a weight function or weight vector or reference vector.

Correlation measure: A measure of the degree of correlation between a

reference and input signal. The correlation measure can be defined such that

if the reference and input signal are linearly related to each other then the

correlation measure obtains a larger magnitude than if they are not. In some

cases the correlation measure is a light oscillation amplitude.

Image: An image can be viewed as a 2D array of values (when obtained with

a digital camera) or in optics, an image indicates that there exists a relation

between an imaged surface and an image surface where light rays emerging

from one point on said imaged surface substantially converge on one point

on said image surface.

Intensity: In optics, intensity is a measure of light power per unit area. In

image recording with a camera comprising a plurality of individual sensing

elements, intensity may be used to term the recorded light signal on the

individual sensing elements. In this case intensity reflects a time integration

of light power per unit area on the sensing element over the exposure time

involved in the image recording.

Aligning: The term aligning is used in two different contexts in this

document. Aligning may mean aligning two 3D surfaces, such as registering

the two 3D surfaces to each other in order to create a virtual model of the

scanned object. Aligning may also mean that the pattern for example is

aligned with the rows and/or the columns of the array of sensor elements.



Brief description of the drawings

The above and/or additional objects, features and advantages of the present

invention, will be further elucidated by the following illustrative and non-

limiting detailed description of embodiments of the present invention, with

reference to the appended drawings, wherein:

Fig. 1 shows a flowchart of a method for compensating for motion blur when

performing a 3D scanning of at least a part of an object by means of a 3D

scanner.

Fig. 2 shows an example of a handheld scanner.

Fig. 3 shows an example of a handheld scanner.

Fig. 4 shows an example of a section of teeth in the mouth which can be

covered in a scan.

Fig. 5 shows an example of how different sub-scans used for generating 3D

surfaces are distributed across a set of teeth.

Fig. 6 shows an example of two in-focus images of a tooth.

Fig. 7 shows an example of focus plane images.

Fig. 8 shows an example of compensating for motion in the focus plane

images.

Fig. 9 shows an example of aligning 3D surfaces and compensating for

motion in a 3D surface.



Fig. 10 shows an example of motion compensation for a 3D surface of a sub-

scan.

Detailed description

In the following description, reference is made to the accompanying figures,

which show by way of illustration how the invention may be practiced.

Fig. 1 shows a flowchart of a method for compensating for motion blur when

performing a 3D scanning of at least a part of an object by means of a 3D

scanner.

The motion blur occurs because the scanner and the object are moved

relative to each other while the scanning is performed. The motion blur

compensation comprises that:

In step 10 1 it is determined whether there is a relative motion between the

scanner and the object during the acquisition of the sequence of focus plane

images.

In step 102 a motion compensation based on the determined motion is

performed, if a relative motion is determined.

In step 103 a 3D surface is generated from the sequence of focus plane

images.

In some cases, a first 3D surface has been generated prior to steps 10 1- 103

and the motion compensation in step 102 and/or the generation of the 3D

surface in step 103 may be based on this first 3D surface.

The motion compensation may also involve determining the relative scanner

motion based on the sequence of focus plane images itself.



Fig. 2 shows an example of a handheld scanner.

The handheld scanner 201 comprises a light source 202 for emitting light, a

spatial pattern 203, a beam splitter 204, movable focusing optics 205, such

as lenses, and an image sensor 206.

The light from the light source 202 travels back and forth through the optical

system. During this passage, the optical system images the pattern 203 onto

the object 208 being scanned and further images the object 208 being

scanned onto the image sensor 206. The movable focu sing optics 205

comprises a focusing element, such as a lens, and can be moved such that

the position of the focus image plane of the pattern 203 on the probed object

208 can be shifted. One way to embody the focusing optics is to physically

move a single lens element back and forth along the optical axis. The device

may include polarization optics and/or folding optics which directs the light

out of the device in a direction different to the optical axis of the lens system,

e.g. in a direction perpendicular to the optical axis of the lens system. As a

whole, the optical system provides an imaging of the pattern onto the object

being probed and from the object being probed to the image sensor, e.g.

camera. One application of the device could be for determining the 3D

structure of teeth in the oral cavity. Another application could be for

determining the 3D shape of the ear canal and the external part of the ear.

The optical axis in fig. 2 is the axis defined by a straight line through the light

source, optics and the lenses in the optical system. This also corresponds to

the longitudinal axis of the scanner illustrated in fig. 2. The optical path is the

path of the light from the light source to the object and back to the camera.

The optical path may change direction, e.g. by means of beam splitter and

folding optic.

The position of the focusing optics or the construction of the focusing element

is adjusted in such a way that the image of the pattern on the scanned object



is shifted along the optical axis, for example in equal steps from one end of

the scanning region to the other. When the pattern is varied in time in a

periodic fashion for a fixed focus position then the in-focus regions on the

object will display a spatially varying pattern. The out-of-focus regions will

display smaller or no contrast in the light variation. The 3D surface structure

of the probed object may be determined by finding the plane corresponding

to an extremum in the correlation measure for each sensor in the image

sensor array or each group of sensor in the image sensor array when

recording the correlation measure for a range of different focus positions. In

some cases the focus position is moved in equal steps from one end of the

scanning region to the other. The scanning region may also be referred to as

a scan volume.

An example of an in-focus region is seen in the insert 209, and an example of

an out-of-focus region is seen in the insert 2 10.

Fig. 3 shows an example of a handheld scanner.

The handheld scanner 301 comprises a light source 302 for emitting light, a

spatial pattern 303, a beam splitter 304, movable focus optic 305, such as

lenses, an image sensor 306, and a tip or probe 307 which can be entered

into a cavity for scanning an object 308. In this example the object 308 is

teeth in an intra-oral cavity.

Fig. 4 shows an example of a section of teeth in the mouth which can be

covered in a scan.

In fig. 4a) the teeth 408 are seen in a top view, and in fig. 4b) the teeth 408

are seen in a perspective view.

An example of the scan volume 4 11 for one sequence of focus plane images

is indicated by the transparent box. The scan volume may be such as

17x1 5x20 mm, where the 15 mm may the "height" of the scan volume

corresponding to the distance the focusing optics can move the focus plane.



Fig. 5 shows an example of how different sub-scans used for generating 3D

surfaces are distributed across a set of teeth.

Four sub-scans 5 12 are indicated on the figure. Each sub-scan provide a 3D

surface of the scanned teeth. The 3D surfaces are partly overlapping,

whereby a motion of the scanner performed during the acquisition of the

focus plane image can be determined by comparing the overlapping parts of

two or more 3D surfaces.

Fig. 6 shows an example of two in-focus images of a tooth.

Fig. 6a) shows a focus plane image 6 13 where a region in the upper left part

of the image is in focus.

Fig. 6b) shows another focus plane image 6 14 of the same area of the tooth

as in fig. 6a) where another region, which is in the lower middle-right part of

the image is in focus.

Fig. 6c) shows that the focus plane image 6 13 in fig. 6a) is a focus plane

image taken at the top of the tooth, and that the focus plane 6 14 in fig. 6b) is

the focus plane image taken at the centrally located depression in the tooth.

The arrow line 6 15 indicates the distance which a whole sequence of focus

plane images covers.

Fig. 6d) shows that the two focus positions are determined by determining

the extremum point of amplitude, e.g. contrast, light intensity etc. for a sensor

element or a group of sensor elements. In this figure is seen that the focus

plane image 6 13 has an extremum point at approximately 1400, while the

focus plane image 614 has an extremum point at approximately 4 100.

Fig. 7 shows an example of focus plane images.

Fig. 7a) shows a number of focus plane images, seen from the front, taken at

different times, to, t 1 . . .tn. No features are shown on the images for simplicity

but normally the focus plane images could be like the images 6 13 and 6 14

shown in fig. 6. This is also indicated by the reference 7 13 on the focus plane

image taken at time to, and the reference 7 14 on the focus plane image



taken at time t4. Note that in real life the two focus plane images in fig. 6

would probably not lie so close in time that suggested in fig. 7

Fig. 7b) shows a number of focus plane images, seen from above, taken at

different times to, t 1 , t2, t3, t4, t5. Here an area or feature, the circular spot,

on the focus plane images is seen to be located in different positions on the

different focus plane images. The reason for this can be that the handheld

scanner has moved during the acquisition of the focus plane images. Since

the area or feature moves to the right in the images, this corresponds to that

the scanner has moved towards left while acquiring the images. This is

indicated by the direction of the vector V in the figure.

The circular spots should really be more or less sharp in their contour in the

different focus images because the area or feature will be in focus and out of

focus in one or more of the images.

Fig. 7c) shows that from the sequence of focus plane images in fig. 7a) and

7b) a 3D surface 7 16 can be generated.

However, for generating the 3D surface in fig. 7c) from the focus plane

images in fig. 7a) and 7b) it may be assumed that there was no relative

movement of the scanner and object while acquiring the images.

When acquiring a next sequence of focus plane images, another 3D surface

is generated, and when these two 3D surfaces are aligned/registered to each

other by comparing their 3D points, then it can be detected that there was a

relative movement between the scanner and the object during the acquisition

of the focus plane images in fig. 7a) and 7b).

Fig. 8 shows an example of compensating for motion in the focus plane

images.

Fig. 8a) shows a number of focus plane images taken at different times to,

t 1 . . .t5. The area indicated by the circular spot is not in the same position in



the different focus plane images which indicates that the object and the

scanner has moved relative to each other during the acquisition of the focus

plane images.

Fig. 8b) shows that the motion has been compensated for by correcting the

focus plane images translationally towards left in this example.

Fig. 8c) shows that the motion can also be compensated for by correcting the

focus plane images rotationally, if this was needed.

Since the focus plane images are only drawn in 2D in these figures, it may

not be seen that the focus plane images also needs rotational correction for

compensating for the motion.

Fig. 9 shows an example of aligning 3D surfaces and compensating for

motion in a 3D surface.

Fig. 9a) shows a 3D surface 9 16, which for example may be generated from

the focus plane images seen in fig. 7

Fig. 9b) shows another 3D surface 9 17, which may have been generated in a

subsequent sequence of focus plane images relative to the images in fig. 7.

Fig. 9c) shows the two 3D surface 9 16, 9 17 are attempted to be

aligned/registered. Since the two 3D surfaces 9 16, 9 17 have 3D points which

correspond to the same area of a tooth, it is possi ble to perform the

alignment by comparing the corresponding points in the two 3D surfaces.

Fig. 9d) shows the resulting 3D surface 9 18 when the two 3D surfaces 9 16,

9 17 have been merged together.

Fig 9e) shows that based on the resulting 3D surface 9 18 the relative motion

performed by the scanner during the acquisition of the focus plane images

generating 3D surface 9 16 and 9 17 can be determined , and based on this

determined motion the resulting 3D surface 9 18 can be corrected to a final

"correct" 3D surface 9 19.



Fig. 10 shows an example of motion compensation for a 3D surface of a sub-

scan.

Fig. 10a) shows three 3D surfaces 1020, 1021 , 1022 generated from focus

plane images acquired in three consecutive sub-scans of a scanning of the

object. In the following, the sub-scans are referred to as sub-scan A ( 1020),

sub-scan B ( 1 021 ) , and sub-scan C ( 1 022). Motion compensation for sub-

scan B can be based on sub-scan A and sub-scan

Fig. 10b) shows the three 3D surfaces 1020, 1021 , 1022 aligned without

compensating for a relative motion of the 3D scanner and the object. Fig.

10c) shows a schematic of the motion compensated 3D surface 1021 1

corresponding to sub-scan B which has been determined e.g. from a Motion

Compensation Algorithm, such as a Motion Compensation Algorithm taken

into account sub-scans A and C.

The Motion Compensation Algorithm can be used for every sub-scan

acquired in a scanning of the object and the motion compensated 3D

surfaces for all these sub-scans can then be combined to generate a 3D

model 1023 of the object as seen in Fig. 10d). In the generated 3D model

1023, any blur caused by a relative motion of the scanner and the object

during the scanning has been mitigated or potentially reduced to an

insignificant amount.

Below is provided an example of a Motion Compensation Algorithm

configured for motion compensation of a sub-scan is presented. The motion

compensation algorithm (MC-algorithm) requires the three successive sub-

scans A, B, and C for the motion compensation of su b-scan B. A sub-scan

can consists of a point cloud with a list of 3D points (x,y,z). Each 3D point

furthermore has a timestamp that indicates when the 3D point was recorded,

i.e., from which image in the stack of focus images the point originates.

For each sub-scan, a good estimate of the affine transformation from the

coordinates of the sub-scan in question to a common "world coordinate

system" is provided from e.g. a previously applied ICP algorithm. These



transformations are denoted TA, TB, and Tc . To keep the calculations in this

example transparent, the transformations are merely translations and contain

no rotation part:

where all units are in millimeters. Finally, each sub-scan has an average

timestamp, which may be the average of the timestam ps of the points used

to find the above mentioned transformations. These timestamps are denoted

tA, tB, tc , and are in this example

tA = 143.20 t B = 143.70 t c = 144.10

The transformation from sub-scan A to B, and from B to C can then be found:

_ - i _
AtoB - i B ° 1 A -

as well as the time between sub-scans A and B, and B and C:

^AtoB = ~ A
= - ¾ o = c ~ = -4

For the motion compensation algorithm to be applicable, the motion of the

scanner relative to the scanned object must be sufficiently smooth. In order

to check that the motion A -> B -> C has been a sufficiently fluid motion the

two transformations are compared. For this purpose the transformations are

time-normalized to have duration of 1 second for both transformations, by

raising it to a non-integer power.



For some scanner configurations, the scan volume is approximately a cube

and for each of the 8 corners of this cube, the effects of the two time-

normalized transformations are evaluated. One corner may be described by

the coordinates (x,y,z) = (8.8, 8.5, 18.3) in both sub-scan A and sub-scan B.

The above transformations are applied to this corner point:

AtoB-norm - , 8.5, 18.3) = (7.8, 8.3, 1 7.5)

-n r (8-8, 8.5, 18.3) = (7.3, 9.0, 1 7.55)

These two points are compared, and the distance between them is found

II (7.8, 8.3, 1 7.5) - (7.3, 9.0, 17.55) || = 0.861 7

This procedure is carried out for all 8 corner points, and if all the found

distances are less than a certain threshold, e.g. 2 mm, then it is deemed than

the three sub-scans are recorded during a fluid motion and that the motion

compensation algorithm hence is applicable.

When it has been determined that the motion compensation algorithm is

applicable, the combined transformation is calculated:

' comb



This transformation corresponds to a time of 2 seconds (since it is combined

from two transformations of 1 second each). For each point in sub-scan B,

we can now find its motion-compensated position.

The transformation depends on whether the timestamp of the point is smaller

than or larger than B-

Example with timestamp of the point being smaller than tB: pointi : (x,y,z) = (-

2.1 , 3.0, 23.8), timestamp t = 143.55, and

A t = t - tB = 143.55 - 143.7 = -0.15

In order to compensate for the movement, the inverse transformation is

applied and Tcomb is scaled from 2 seconds to ∆ t seconds and inverted:

This transformation is applied to pointi such that the motion compensated

pointi is obtained:

(T
comb

At/2 (-2.1, 3.0, 23.8) = (-2.2875, 2.9775, 23.6837)

Example with timestamp of the point being larger than tB: point2: (x,y,z) =

(4.3, 2.7, 28.2). Timestamp t = 143.76, and

A t = t - t R = 143.76 - 143.7 = 0.06



Tcomb i scaled from 2 seconds to ∆ t seconds and inverted:

- ∆ - 0 0 3
co b comb

/ 1 0 0 0.075 \

= 0 1 0 0.009
1 0 0 1 0.0465

0 0 0 1

This transformation is applied to point2 such that the motion compensated

point2 is obtained:

(T
comb

t / 2 .3, 2.7, 28.2) = (4.375, 2.709, 28.2465)

This is carried out for every point in sub-scan B such that the motion

compensated position of each point in sub-scan B is determined and the

"correct" 3D surface 9 19 for sub-scan B is obtained.

The procedure utilizing such a motion compensating procedure may be

iterative such that the motion compensated sub-scans are used as input in a

further motion compensation. In such a further compensation, an ICP

algorithm can be applied to determine new transformations TA, TB, and Tc

and from these transformations the further motion compensation can be

based on the illustrated motion compensation algorithm and provide new

motion compensated sub-scans from which 3D surfaces may be generated

by e.g. triangulation. This is continued until final sub-scans and

corresponding 3D surfaces are obtained and the 3D model of the object can

then be generated by combining these final sub-scans or 3D surfaces.

Although some embodiments have been described and shown in detail, the

invention is not restricted to them, but may also be embodied in other ways



within the scope of the subject matter defined in the following claims. In

particular, it is to be understood that other embodiments may be utilised and

structural and functional modifications may be made without departing from

the scope of the present invention.

In device claims enumerating several means, several of these means can be

embodied by one and the same item of hardware. The mere fact that certain

measures are recited in mutually different dependent claims or described in

different embodiments does not indicate that a combination of these

measures cannot be used to advantage.

It should be emphasized that the term "comprises/comprising" when used in

this specification is taken to specify the presence of stated features, integers,

steps or components but does not preclude the presence or addition of one

or more other features, integers, steps, components or groups thereof.

The features of the method described above and in the following may be

implemented in software and carried out on a data processing system or

other processing means caused by the execution of computer-executable

instructions. The instructions may be program code means loaded in a

memory, such as a RAM, from a storage medium or from another computer

via a computer network. Alternatively, the described features may be

implemented by hardwired circuitry instead of software or in combination with

software.



Claims:

1. A method for compensating for motion blur when performing a 3D

scanning of at least a part of an object by means of a 3D scanner, where the

motion blur occurs because the scanner and the object are moved relative to

each other while the scanning is performed, and where the motion blur

compensation comprises:

- determining whether there is a relative motion between the scanner and the

object during the acquisition of a sequence of focus plane images;

- if a relative motion is determined, performing a motion compensation based

on the determined motion; and

- generating a 3D surface from the sequence of focus plane images.

2. The method according to any one or more of the preceding claims,

wherein the 3D scanning comprises:

- generating a probe light,

- transmitting the probe light towards the object thereby illuminating at least a

part of the object,

- transmitting light returned from the object to a camera comprising an array

of sensor elements,

- imaging on the camera at least part of the transmitted light returned from

the object to the camera by means of an optical system, where the optical

system comprises focusing optics configured for defining a focus plane on

the object when the 3D scanner is arranged in relation to the object,

- varying the position of the focus plane on the object by moving said

focusing optics,

- obtaining at least one focus plane image from said array of sensor

elements,

- determining the in-focus position(s) of:

- each of a plurality of the sensor elements for a sequence of focus plane

positions, or



- each of a plurality of groups of the sensor elements for a sequence of

focus plane positions.

3. The method according to any one or more of the preceding claims,

wherein a sequence of focus plane images captured along the direction of

the optical axis are combined to provide a depth image.

4. The method according to any one or more of the preceding claims,

wherein at least a part of the object is in focus in at least one of the focus

plane images in a sequence of focus plane images.

5. The method according to any one or more of the preceding claims,

wherein the time period between acquisition of each focus plane image in a

sequence is fixed/predetermined/known.

6. The method according to any one or more of the preceding claims,

wherein determining the relative motion of the scanner during the acquisition

of the sequence of focus plane images is performed by analysis of the

sequence in itself.

7. The method according to any one or more of the preceding claims,

wherein determining the relative motion of the scanner during the acquisition

of the sequence of focus plane images is performed by sensors in and/or on

the scanner and/or by sensors on the object and/or by sensors in the room

where the scanner and the object are located.

8. The method according to any one or more of the preceding claims,

wherein determining the relative motion of the scanner during the acquisition

of the sequence of focus plane images is performed by analysis of the

sequence and one or more other sequences obtained before and/or after

said sequence.



9. The method according to any one or more of the preceding claims,

wherein the motion is determined by means of a texture image sensor having

a depth of focus which is larger than the depth of focus of the focusing optics.

10. The method according to any one or more of the preceding claims,

wherein the motion is determined by determining the position and orientation

of one or more of the sensors.

11. The method according to any one or more of the preceding claims,

wherein the motion is determined by means of one or more physical

components arranged in the handheld scanner.

12. The method according to any one or more of the preceding claims,

wherein the motion is determined by means of 3D position sensors.

13. The method according to any one or more of the preceding claims,

wherein the motion is determined by means of optical tracking.

14. The method according to any one or more of the preceding claims,

wherein the motion is determined by means of one or more gyroscopes.

15. The method according to any one or more of the preceding claims,

wherein the motion is determined by means of one or more accelerometers.

16. The method according to any one or more of the preceding claims,

wherein the motion is determined by means of one or more magnetometers.

17. The method according to any one or more of the preceding claims,

wherein the motion is determined by means of one or more electromagnetic

coils.



18. The method according to any one or more of the preceding claims,

wherein the motion is determined by means of a computerized measurement

arm.

19. The method according to any one or more of the preceding claims,

wherein the motion is determined by means of one or more axes on which

the sensor is configured to move.

20. The method according to any one or more of the preceding claims,

wherein the axes on which the sensor is configured to move are translational

and / or rotational axes.

2 1 . The method according to any one or more of the preceding claims,

wherein each sequence involved in the determination of the motion covers a

portion of the surface of the object having at least a partial overlap with a

portion of the surface covered by at least one other sequence.

22. The method according to any one or more of the preceding claims,

wherein it is assumed that at least a part of the object is a rigid body.

23. The method according to any one or more of the preceding claims,

wherein the motion determination and 3D surface generation comprise :

- generating a first 3D surface from a first sequence assuming no motion blur

from the first sequence,

- generating at least a second 3D surface from at least a second sequence

assuming no motion blur,

- estimating a scanner position relative to each of the generated surfaces,

- determining an overlap between the generated 3D surfaces by stitching,

thereby expressing the at least two 3D surfaces and the relative scanner

positions in a common coordinate system,



- determining the relative scanner motion during the first sequence from the

obtained relative scanner positions in the common coordinate system.

24. The method according to any one or more of the preceding claims,

wherein the motion determination and 3D surface generation comprises

performing, in an iterative fashion, the following steps one or more times:

- determining the relative scanner motion from the obtained relative scanner

positions in a common coordinate system during each of the sequences

corresponding to the generated 3D surfaces,

- performing a motion compensation of each of the 3D surfaces based on the

determined relative scanner motion,

- re-determining the overlap(s) between the generated 3D surfaces by

stitching, thereby expressing all 3D surfaces and relative scanner positions in

the common coordinate system,

- re-determining the relative scanner motion during the first sequence from

the re-obtained relative scanner positions in the common coordinate system,

- re-performing a motion compensation based on the re-determined motion;

and

- re-generating a 3D surface from the sequence of focus plane images.

25. The method according to any one or more of the preceding claims,

wherein the scanner is hand held

26. The method according to any one or more of the preceding claims,

wherein the acquisition of the focus plane images is adapted to be performed

during relative motion of the scanner and the object.

27. The method according to any one or more of the preceding claims,

wherein the motion of the scanner is free and not restricted to any

predetermined/certain/specific motion pattern.



28. The method according to any one or more of the preceding claims,

wherein the scanner is a desktop scanner.

29. The method according to any one or more of the preceding claims,

wherein the scanner and/or the object is constrained to move along one or

more axes.

30. The method according to any one or more of the preceding claims,

wherein said axes are translational and/or rotational axes.

3 1 . The method according to any one or more of the preceding claims,

wherein the motion is determined along one spatial or rotational coordinate.

32. The method according to any one or more of the preceding claims,

wherein the motion is determined along any one or more of two - six spatial

and/or rotational coordinates.

33. The method according to any one or more of the preceding claims,

wherein the determined motion is registered/recorded/represented as a

velocity vector for at least two focus plane images of the sequence of focus

plane images.

34. The method according to any one or more of the preceding claims,

wherein the determined motion is registered/recorded/represented as a

constant velocity and / or rotation vector for the whole sequence of focus

plane images in a sequence.

35. The method according to any one or more of the preceding claims,

wherein the determined motion is registered/recorded/represented as a

curve/trajectory fitted between the focus plane images.



36. The method according to any one or more of the preceding claims,

wherein the fitted curve/trajectory is along one or more translational and / or

rotational dimensions.

37. The method according to any one or more of the preceding claims,

wherein the motion compensation comprises virtually shifting one or more of

the focus plane images in a sequence into a position and/or orientation

corresponding to the position and/or orientation of another one of the focus

plane images in the sequence, such as the first one of the focus plane

images in the sequence.

38. The method according to any one or more of the preceding claims,

wherein the motion compensation comprises substituting a first 3D point on

the generated 3D surface with a second 3D point according to the

corresponding virtually shifted focus plane image.

39. The method according to any one or more of the preceding claims,

wherein the motion compensation comprises shifting one or more pixels.

40. The method according to any one or more of the preceding claims,

wherein a virtual 3D model of the object is created by means of one or more

of the generated 3D surfaces.

4 1 . A computer program product comprising program code means for

causing a data processing system to perform the method of any one or more

of the preceding claims, when said program code means are executed on the

data processing system.

42. A computer program product according to the previous claim, comprising

a computer-readable medium having stored there on the program code

means.



43. A system for compensating for motion blur when performing a 3D

scanning of at least a part of an object by means of a 3D scanner, where the

motion blur occurs because the scanner and the object are moved relative to

each other while the scanning is performed, and where the motion blur

compensation system comprises:

- means for determining whether there is a relative motion between the

scanner and the object during the acquisition of the sequence of focus plane

images;

- means for performing a motion compensation based on the determined

motion, if a relative motion is determined; and

- means for generating a 3D surface from the sequence of focus plane

images.
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