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Description

TECHNICAL FIELD

[0001] The present invention relates to a computer implemented method for determining a center of rotation of a bone
and to a corresponding computer program and system.

PRIOR ART

[0002] Document US 6,692,447 B1 discloses a system for determining pivot centers for proximal and intermediary
articulations of an appendicular skeleton. The system includes a single marker affixed to a bone, the marker having a
signal transmitter; a sequence involving at least one movement for moving a portion of the appendicular skeleton; a
signal receiver for collecting data points correlating to the position and orientation of the marker; at least one processing
device for selecting a number of skeletal positions during the sequence using the collected data points; and for assigning
a value to each posture representing the position and orientation of the marker in a predetermined point of reference,
and an algorithm for determining the coordinates of the rotational centers of the proximal and intermediary articulations
using the assigned values.
[0003] Document US 2011/0054851 A1 discloses a method of detecting information relevant to the characterization
of joint movements, wherein markers fitted on both sides of a body joint are used for the analysis of joint movements
and wherein the method includes: determining a mean marker configuration and determining time-dependent discrep-
ancies from the mean configuration, wherein an orthogonal distance regression is carried out for determining a mean
marker configuration and wherein markers fitted on a respective side of the body joint are used; carrying out a weighted
orthogonal distance regression using the time-dependent discrepancies from the mean configuration for weighting,
wherein markers fitted on a respective side of the body joint are used; and solving a linear equalization problem using
items of information which were determined by carrying out the weighted orthogonal distance regression.
[0004] Document WO 2015/022037 A1 discloses a data processing method for determining the positional information
of characteristic points of a leg, the method comprising the following steps performed by a computer: a) acquiring, by
detecting via a hand-held device a stationary reference (R3) and at least one further information, at least four different
positions of the femur (F), wherein the pelvis within which the femur (F) can turn is stationary with respect to the stationary
reference (R3) and the femur (F) is in a different position each time a positional information value of the femur (F) is
acquired; b) determining from the at least four different acquired positional information values of the femur (F) the position
of the center of rotation (COR) of the femoral head in relation to a femur reference (R1, R4); c) acquiring a femur
information by detecting via a hand-held device a femur reference (R1), and at least one further information; d) determining
from the femur information and the at least one further information acquired in step c) the distal end point of the femur
axis and the proximal end point of the tibia axis at least in relation to the femur reference (R1); and e) determining the
distal end point of the tibia axis by acquiring via a hand-held device the positional information of an ankle reference (R2)
being at the distal end point of the tibia axis.
[0005] Document US 2009/0028296 A1 discloses an x-ray system and a method for composition of x-ray images.
Successive x-ray images and successive optical images are respectively acquired from an examination subject. Positional
identifiers associated with the examination subject are detected in the optical images, and acquisition of respective x-
ray images is triggered only when the identifiers are detected in the optical images. The number of acquired x-ray images
is therefore substantially fewer than the number of acquired optical images, and the x-ray images can be acquired with
substantially no overlap, thereby avoiding exposing the examination subject to unnecessary radiation.

SUMMARY

[0006] Two adjacent bones in a body, for example a human body, are typically connected via a joint. This joint typically
enables a relative rotation between the bones about a center of rotation. A typical type of joint enables a rotation in one
rotational dimension, such that the center of rotation is an axis. Another type of joint is a ball-and-socket joint, which
enables a rotation in three rotational dimensions. A ball-and-socket type of joint can for example be found between a
femur and a pelvis or between a humerus and a scapula.
[0007] There are many medical applications which require the center of rotation of a joint to be known. In those
applications, a marker device is typically attached to at least one of the bones which form the joint. The location of the
center of rotation is then for example defined relative to the marker device, and is therefore referred to as the center of
rotation of the bone. If the bone is a femur, the center of rotation of the femur typically is the center of the femoral head.
If the bone is a humerus, then the center of rotation of the humerus typically is the center of the humeral head.
[0008] One typical application in which the center of rotation of a bone has to be known is a partial or full joint replacement
in which a part of the bone which forms the joint or a part of the joint is replaced by an implant. The goal is for example
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to maintain the mechanical axis of the bone after the replacement. In general, the application can be the preparation of
a surgical intervention.
[0009] In this document, a femur is used as a bone whose center of rotation is to be determined. However, this is only
exemplary for an easier description of the invention.
[0010] The present invention aims at providing an approach for determining a center of rotation of a bone by analyzing
images of a marker device which is (for example rigidly) attached to the bone. A marker device being rigidly attached
to a bone means that a relative movement between the marker device and the bone is prevented as far as possible in
the context of a medical application. It does for example mean that the marker device is screwed or bolted to the bone.
However, the process of attaching the marker device to the bone is only preparatory for the present invention and not
a part of the present invention.
[0011] The method, the program and the system are defined by the appended independent claims. Advantages,
advantageous features, advantageous embodiments and advantageous aspects of the present invention are disclosed
in the following and contained in the subject-matter of the dependent claims. Different advantageous features can be
combined in accordance with the invention wherever technically expedient and feasible. Specifically, a feature of one
embodiment which has the same or a similar function to another feature of another embodiment can be exchanged with
said other feature, and a feature of one embodiment which adds an additional function to another embodiment can in
particular be added to said other embodiment.
[0012] The present invention relates to a computer implemented method for determining a center of rotation of a bone.
The method comprises a first step of acquiring image data representing a plurality of images taken by a camera while
the bone is being rotated about the center of rotation, wherein the images show a marker device attached to the bone.
The images can be 2D or 3D images, wherein the marker device is designed such that its position in up to three
translational dimensions and / or up to three rotational dimensions can be determined from an image. The plurality of
images are taken at different points in time, for example at equidistant points in time.
[0013] Rotating the bone about the center of rotation can also be referred to as pivoting the bone. For the present
invention, it is assumed that the center of rotation remains stationary while the bone is pivoted. This does for example
mean that another bone to which the bone is connected via the joint is considered to remain stationary.
[0014] The method comprises a second step of forming a plurality of image pairs from the image data, wherein each
image pair comprises two different images. A particular image can be assigned to two or more image pairs. In one
example, there are no two identical image pairs, that is pairs comprising the same two images. An image of one image
pair can lie between the two images of another image pair. It is possible, but not mandatory, that each image of the
image data is assigned to at least one image pair.
[0015] The method comprises a third step of determining a first relative position of the marker device relative to the
camera from a first image of an image pair. It further comprises a fourth step of determining a second relative position
of the marker device relative to the camera from a second image of the same image pair. This means that the first relative
position is associated with the first image of the image pair and the second relative position is associated with the second
image of the image pair.
[0016] The method further comprises a fifth step of calculating a transformation of the first relative position into the
second relative position. This transformation describes the movement of the marker device relative to the camera between
the point in time at which the first image of the image pair was captured and the point in time at which the second image
of the image pair was captured.
[0017] The method further comprises a sixth step of repeating the third step, the fourth step and the fifth step for all
image pairs to obtain a plurality of transformations. In this step, the expression "all image pairs" means all image pairs
out of the plurality of image pairs formed in the second step.
[0018] The method further comprises a seventh step of calculating the location of the center of rotation of the bone
relative to the marker device from the plurality of transformations.
[0019] According to the present invention, the center of rotation is not determined from a plurality of positions of the
marker device determined from the plurality of images. The invention rather calculates a plurality of transformations of
the marker device from a plurality of image pairs formed from the image data and then calculates the center of rotation
from the plurality of transformations.
[0020] If the camera is stationary during the time period in which the plurality of images represented by the image data
were taken, then each of the plurality of transformations describes a rotation of the marker device about the center of
rotation of the bone. It is therefore possible to calculate the center of rotation in a known manner.
[0021] However, if the camera is not stationary, each transformation of the plurality of transformations might not only
represent a rotation of the marker device about the center of rotation, but also depends on the displacement of the
camera. In one embodiment, the method therefore further comprises the step of determining, for each image pair, a
displacement of the camera between the points in time at which the images of the respective image pair were captured.
The term "displacement" means a movement of the camera in up to three rotational dimensions and / or up to three
translational dimensions.
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[0022] In one embodiment, calculating the center of rotation in the seventh step involves weighting the transformations
depending on the displacements of the camera associated with the corresponding image pairs. In a simple example, a
weight of zero is applied to a transformation associated with an image pair comprising images between which the camera
has moved. This means that the camera has moved between the points in time at which the first and second images of
this image pair have been captured. Another example relates to applying a weight which is inversely proportional to a
metric of the displacement of the camera. The metric is for example the larger the larger the translational component
and / or the rotational component of the displacement is.
[0023] In another embodiment, the method further comprises the step of amending the first relative position or the
second relative position associated with an image pair to compensate the displacement of the camera if the displacement
associated with the corresponding image pair is above a predetermined threshold. This threshold can for example be
zero, which means that any displacement of the camera is compensated. Compensating the displacement of the camera
means that the displacement of the camera is neutralized by adapting the first relative position or the second relative
position appropriately. In one example, amending a relative position, that is the first relative position or the second relative
position, involves subtracting the displacement of the camera from the relative position or adding the displacement of
the camera to the relative position.
[0024] When the first or second relative position is amended as explained above, the transformation in the fifth step
is based on the amended relative position. This means that the step of amending the first relative position or the second
relative position is preferably performed between the fourth step and the fifth step of the method.
[0025] There are many possible approaches for determining the displacement of the camera between the points in
time at which the first image and the second image of an image pair have been captured.
[0026] In one embodiment, the displacement of the camera is calculated from sensor data acquired from an inertial
sensor attached to the camera. In one example, acceleration data comprised in this sensor data is integrated between
the points in time at which the first and second images of an image pair have been captured for obtaining the translation
of the camera. This time span is typically much smaller than the time span during which the complete plurality of images
has been captured, for example if an image pair comprises temporally consecutive images from the image data. The
integration of the sensor data thus happens during a short time span, and does therefore reliably represent the displace-
ment of the camera, which might not be the case for a long time span.
[0027] In one embodiment, the displacement of the camera is calculated from differences of positions within the first
and second images of an image pair which show the same points in space, in particular the same fixed points in space.
A fixed point in space means a point with a fixed position in space, which means a point in space which does not change
its position between the points in time at which the first and second images were captured. If the camera is moved, the
position of a point in space typically differs between the first and second images. If the positions of a plurality of points
in space within the first and second images are determined, the displacement of the camera can be calculated from the
differences of those positions. In this context, the term "difference" means the distance about and / or the direction in
which the position has changed. The position is for example the position of a pixel which shows the point in space in an
image.
[0028] In one embodiment, a point in space is not a point on a marker device.
[0029] Approaches for calculating the movement of a camera from positions in different images at which the same
points in space are imaged are known to the skilled person. One possible implementation is briefly summarized below.
[0030] This exemplary approach is based on epipolar geometry of perspective projections assuming that the optical
properties of the camera are known.
[0031] If a point in space is imaged at a particular position within an image, it is known that this point lies on a straight
line in space, wherein the location and orientation of this straight line relative to the camera is known due to the optical
properties of the camera. If the camera is displaced and a second image is taken, the point in space is imaged on a
second line which is the projection of the straight line into the second image. In addition, this second line intersects with
a third line which connects the positions of a particular point, such as the focal center, of the camera at the points in
time at which the two images were taken. If a plurality of points in space is analyzed, the displacement of the camera
can be calculated.
[0032] One exemplary implementation is based on the essential or fundamental matrix. The essential matrix E is
defined as 

where x’ and x are the projection points of a particular point in space in the two images in projective coordinates (x,y,1)∧T.
The essential matrix is defined as 
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where tx contains the translation vector in a skew form and Rc is the rotation matrix between the camera positions. With
this formula and enough points, tx and Rc can be found. There are different algorithms to solve the equations, like
polynomial, least squares or ransac (random sample consensus) minimizers.
[0033] In one embodiment, a pair of images comprises two consecutive images. This results in no or only a small
displacement of the camera for the pair of images.
[0034] In another embodiment, the pair of images comprises two images which were taken at two points in time which
differ by at least a predetermined threshold. This means that a certain amount of time has passed between capturing
the two images of an image pair. It can then be assumed that the bone, and therefore the marker device, has moved
by at least a certain amount.
[0035] In yet another embodiment, a pair of images comprises two images which fulfill a marker device movement
criterion. This criterion defines that the marker device has moved by at least a certain amount relative to the camera
between the points in time at which the two images were captured, for example by at least a predetermined rotation
angle, such as 1°, 2°, 5° or 10°.
[0036] In still another embodiment, a movement detector is attached to the bone or to the marker device. The movement
detector detects its movement in space, and thus the movement of the marker device and the bone. The movement
detector is configured to transmit movement detection signals. It for example transmits a movement detection signal if
the movement of the movement detector exceeds a predetermined threshold since the last transmission of a movement
detection signal. Reception of a movement detection signal can trigger to capture an image for the image data. In addition
or as an alternative, the image in the image data which was captured exactly at, or if there is no such image, next after
transmission of a movement detection signal is marked accordingly. A pair of images for example comprises two images
which are marked accordingly and have no other marked image in between, one marked image and one non-marked
image with at least one marked image in between or two non-marked images with at least two marked images in between.
The expression "in between" relates to a temporal order of the images.
[0037] In one embodiment, the transformation is represented by a 4x4 matrix. A plurality of such matrixes can easily
be utilized in the seventh step of the method.
[0038] In one embodiment, the method further comprises the steps of forming additional image pairs, repeating the
third, fourth and fifth steps for the additional image pairs, adding the transformations associated with the additional image
pairs to the plurality of transformations, thus obtaining a new plurality of transformations, and repeating the seventh step
for the new plurality of transformations. This embodiment is particularly advantageous if the accuracy of the location of
the center of rotation is below a predetermined threshold.
[0039] The additional image pairs preferably do not comprise two identical image pairs and / or an image pair already
comprised in the initial plurality of image pairs.
[0040] There is a plurality of approaches for determining the accuracy of the location of the center of rotation known
to the skilled person.
[0041] In one implementation, a location of a center of rotation is determined from each transformation, resulting in a
plurality of individual locations of the center of rotation. The differences between each of the individual locations of the
center of rotation and the location of the center of rotation calculated from all transformations is statistically analyzed,
which can comprise calculating the mean and/or the standard deviations of the differences. The accuracy of the location
of the center of rotation is then determined from the result of the statistical analysis.
[0042] In another implementation, the (initial) image pairs are divided into subsets of image pairs and the center of
rotation is determined for each of the subsets of transformations. The differences between the centers of rotation cor-
responding to the different subsets are representative of the accuracy of the location of the center of rotation.
[0043] In one embodiment, the relative position of the marker device relative to the camera is the position of a co-
ordinate system associated with the marker device in a co-ordinate system associated with the camera. The co-ordinate
system associated with the camera is a co-ordinate system which has a known location and orientation relative to the
camera. The co-ordinate system associated with the marker device has a known location and orientation relative to the
marker device. Since the marker device is attached to the bone, the co-ordinate system associated with the marker
device has a fixed relative position relative to a co-ordinate system associated with the bone. The co-ordinate systems
are for example Cartesian co-ordinate systems.
[0044] The position of the co-ordinate system associated with the marker device relative to the marker device is
preferably known to the method.
[0045] In one embodiment, calculating a transformation of a first relative position into a second relative position in the
fifth step of the method takes into account that the transformation is a rotation about a fixed point or axis in space. This
is a constraint which limits the transformation. If the transformation is a rotation about a fixed point in space, then the
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marker device moves on a sphere while the bone is pivoted. If the transformation is a rotation about a fixed axis in space,
then the marker device moves on a circular ark while the bone is pivoted.
[0046] The present invention also relates to a program which, when running on a computer, causes the computer to
perform the method steps of the method described above and / or a program storage medium on which the program is
stored, in particular in a non-transitory form.
[0047] The present invention further relates to a system comprising a computer on which the aforementioned program
is stored and / or run.

DEFINITIONS

[0048] The method in accordance with the invention is for example a computer implemented method. For example,
all the steps or merely some of the steps (i.e. less than the total number of steps) of the method in accordance with the
invention can be executed by a computer (for example, at least one computer). An embodiment of the computer imple-
mented method is a use of the computer for performing a data processing method. An embodiment of the computer
implemented method is a method concerning the operation of the computer such that the computer is operated to perform
one, more or all steps of the method.
[0049] The computer for example comprises at least one processor and for example at least one memory in order to
(technically) process the data, for example electronically and/or optically. The processor being for example made of a
substance or composition which is a semiconductor, for example at least partly n- and/or p-doped semiconductor, for
example at least one of II-, III-, IV-, V-, VI-semiconductor material, for example (doped) silicon and/or gallium arsenide.
The calculating steps described are for example performed by a computer. Determining steps or calculating steps are
for example steps of determining data within the framework of the technical method, for example within the framework
of a program. A computer is for example any kind of data processing device, for example electronic data processing
device. A computer can be a device which is generally thought of as such, for example desktop PCs, notebooks, netbooks,
etc., but can also be any programmable apparatus, such as for example a mobile phone or an embedded processor. A
computer can for example comprise a system (network) of "sub-computers", wherein each sub-computer represents a
computer in its own right. The term "computer" includes a cloud computer, for example a cloud server. The term "cloud
computer" includes a cloud computer system which for example comprises a system of at least one cloud computer and
for example a plurality of operatively interconnected cloud computers such as a server farm. Such a cloud computer is
preferably connected to a wide area network such as the world wide web (WWW) and located in a so-called cloud of
computers which are all connected to the world wide web. Such an infrastructure is used for "cloud computing", which
describes computation, software, data access and storage services which do not require the end user to know the
physical location and/or configuration of the computer delivering a specific service. For example, the term "cloud" is
used in this respect as a metaphor for the Internet (world wide web). For example, the cloud provides computing infra-
structure as a service (laaS). The cloud computer can function as a virtual host for an operating system and/or data
processing application which is used to execute the method of the invention. The cloud computer is for example an
elastic compute cloud (EC2) as provided by Amazon Web Services™. A computer for example comprises interfaces in
order to receive or output data and/or perform an analogue-to-digital conversion. The data are for example data which
represent physical properties and/or which are generated from technical signals. The technical signals are for example
generated by means of (technical) detection devices (such as for example devices for detecting marker devices) and/or
(technical) analytical devices (such as for example devices for performing imaging methods), wherein the technical
signals are for example electrical or optical signals. The technical signals for example represent the data received or
outputted by the computer. The computer is preferably operatively coupled to a display device which allows information
outputted by the computer to be displayed, for example to a user. One example of a display device is an augmented
reality device (also referred to as augmented reality glasses) which can be used as "goggles" for navigating. A specific
example of such augmented reality glasses is Google Glass (a trademark of Google, Inc.). An augmented reality device
can be used both to input information into the computer by user interaction and to display information outputted by the
computer. Another example of a display device would be a standard computer monitor comprising for example a liquid
crystal display operatively coupled to the computer for receiving display control data from the computer for generating
signals used to display image information content on the display device. A specific embodiment of such a computer
monitor is a digital lightbox. The monitor may also be the monitor of a portable, for example handheld, device such as
a smart phone or personal digital assistant or digital media player.
[0050] The expression "acquiring data" for example encompasses (within the framework of a computer implemented
method) the scenario in which the data are determined by the computer implemented method or program. Determining
data for example encompasses measuring physical quantities and transforming the measured values into data, for
example digital data, and/or computing the data by means of a computer and for example within the framework of the
method in accordance with the invention. The meaning of "acquiring data" also for example encompasses the scenario
in which the data are received or retrieved by the computer implemented method or program, for example from another
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program, a previous method step or a data storage medium, for example for further processing by the computer imple-
mented method or program. The expression "acquiring data" can therefore also for example mean waiting to receive
data and/or receiving the data. The received data can for example be inputted via an interface. The expression "acquiring
data" can also mean that the computer implemented method or program performs steps in order to (actively) receive or
retrieve the data from a data source, for instance a data storage medium (such as for example a ROM, RAM, database,
hard drive, etc.), or via the interface (for instance, from another computer or a network). The data acquired by the
disclosed method or device, respectively, may be acquired from a database located in a data storage device which is
operably to a computer for data transfer between the database and the computer, for example from the database to the
computer. The computer acquires the data for use as an input for steps of determining data. The determined data can
be output again to the same or another database to be stored for later use. The database or database used for imple-
menting the disclosed method can be located on network data storage device or a network server (for example, a cloud
data storage device or a cloud server) or a local data storage device (such as a mass storage device operably connected
to at least one computer executing the disclosed method). The data can be made "ready for use" by performing an
additional step before the acquiring step. In accordance with this additional step, the data are generated in order to be
acquired. The data are for example detected or captured (for example by an analytical device). Alternatively or additionally,
the data are inputted in accordance with the additional step, for instance via interfaces. The data generated can for
example be inputted (for instance into the computer). In accordance with the additional step (which precedes the acquiring
step), the data can also be provided by performing the additional step of storing the data in a data storage medium (such
as for example a ROM, RAM, CD and/or hard drive), such that they are ready for use within the framework of the method
or program in accordance with the invention. The step of "acquiring data" can therefore also involve commanding a
device to obtain and/or provide the data to be acquired. In particular, the acquiring step does not involve an invasive
step which would represent a substantial physical interference with the body, requiring professional medical expertise
to be carried out and entailing a substantial health risk even when carried out with the required professional care and
expertise. In particular, the step of acquiring data, for example determining data, does not involve a surgical step and
in particular does not involve a step of treating a human or animal body using surgery or therapy. In order to distinguish
the different data used by the present method, the data are denoted (i.e. referred to) as "XY data" and the like and are
defined in terms of the information which they describe, which is then preferably referred to as "XY information" and the like.
[0051] The invention also relates to a program which, when running on a computer, causes the computer to perform
one or more or all of the method steps described herein and/or to a program storage medium on which the program is
stored (in particular in a non-transitory form) and/or to a computer comprising said program storage medium and/or to
a (physical, for example electrical, for example technically generated) signal wave, for example a digital signal wave,
carrying information which represents the program, for example the aforementioned program, which for example com-
prises code means which are adapted to perform any or all of the method steps described herein.
[0052] Within the framework of the invention, computer program elements can be embodied by hardware and/or
software (this includes firmware, resident software, micro-code, etc.). Within the framework of the invention, computer
program elements can take the form of a computer program product which can be embodied by a computer-usable, for
example computer-readable data storage medium comprising computer-usable, for example computer-readable program
instructions, "code" or a "computer program" embodied in said data storage medium for use on or in connection with
the instruction-executing system. Such a system can be a computer; a computer can be a data processing device
comprising means for executing the computer program elements and/or the program in accordance with the invention,
for example a data processing device comprising a digital processor (central processing unit or CPU) which executes
the computer program elements, and optionally a volatile memory (for example a random access memory or RAM) for
storing data used for and/or produced by executing the computer program elements. Within the framework of the present
invention, a computer-usable, for example computer-readable data storage medium can be any data storage medium
which can include, store, communicate, propagate or transport the program for use on or in connection with the instruction-
executing system, apparatus or device. The computer-usable, for example computer-readable data storage medium
can for example be, but is not limited to, an electronic, magnetic, optical, electromagnetic, infrared or semiconductor
system, apparatus or device or a medium of propagation such as for example the Internet. The computer-usable or
computer-readable data storage medium could even for example be paper or another suitable medium onto which the
program is printed, since the program could be electronically captured, for example by optically scanning the paper or
other suitable medium, and then compiled, interpreted or otherwise processed in a suitable manner. The data storage
medium is preferably a non-volatile data storage medium. The computer program product and any software and/or
hardware described here form the various means for performing the functions of the invention in the example embodi-
ments. The computer and/or data processing device can for example include a guidance information device which
includes means for outputting guidance information. The guidance information can be outputted, for example to a user,
visually by a visual indicating means (for example, a monitor and/or a lamp) and/or acoustically by an acoustic indicating
means (for example, a loudspeaker and/or a digital speech output device) and/or tactilely by a tactile indicating means
(for example, a vibrating element or a vibration element incorporated into an instrument). For the purpose of this document,
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a computer is a technical computer which for example comprises technical, for example tangible components, for example
mechanical and/or electronic components. Any device mentioned as such in this document is a technical and for example
tangible device.
[0053] It is the function of a marker to be detected by a marker detection device (for example, a camera or an ultrasound
receiver or analytical devices such as CT or MRI devices) in such a way that its spatial position (i.e. its spatial location
and/or alignment) can be ascertained. The detection device is for example part of a navigation system. The markers
can be active markers. An active marker can for example emit electromagnetic radiation and/or waves which can be in
the infrared, visible and/or ultraviolet spectral range. A marker can also however be passive, i.e. can for example reflect
electromagnetic radiation in the infrared, visible and/or ultraviolet spectral range or can block x-ray radiation. To this
end, the marker can be provided with a surface which has corresponding reflective properties or can be made of metal
in order to block the x-ray radiation. It is also possible for a marker to reflect and/or emit electromagnetic radiation and/or
waves in the radio frequency range or at ultrasound wavelengths. A marker preferably has a spherical and/or spheroid
shape and can therefore be referred to as a marker sphere; markers can however also exhibit a cornered, for example
cubic, shape.
[0054] A marker device can for example be a reference star or a pointer or a single marker or a plurality of (individual)
markers which are then preferably in a predetermined spatial relationship. A marker device comprises one, two, three
or more markers, wherein two or more such markers are in a predetermined spatial relationship. This predetermined
spatial relationship is for example known to a navigation system and is for example stored in a computer of the navigation
system.
[0055] In another embodiment, a marker device comprises an optical pattern, for example on a two-dimensional
surface. The optical pattern might comprise a plurality of geometric shapes like circles, rectangles and/or triangles. The
optical pattern can be identified in an image captured by a camera, and the position of the marker device relative to the
camera can be determined from the size of the pattern in the image, the orientation of the pattern in the image and the
distortion of the pattern in the image. This allows to determine the relative position in up to three rotational dimensions
and up to three translational dimensions from a single two-dimensional image.
[0056] A marker holder is understood to mean an attaching device for an individual marker which serves to attach the
marker to an instrument, a part of the body and/or a holding element of a reference star, wherein it can be attached such
that it is stationary and advantageously such that it can be detached. A marker holder can for example be rod-shaped
and/or cylindrical. A fastening device (such as for instance a latching mechanism) for the marker device can be provided
at the end of the marker holder facing the marker and assists in placing the marker device on the marker holder in a
force fit and/or positive fit.
[0057] A "reference star" refers to a device with a number of markers, advantageously three markers, attached to it,
wherein the markers are (for example detachably) attached to the reference star such that they are stationary, thus
providing a known (and advantageously fixed) position of the markers relative to each other. The position of the markers
relative to each other can be individually different for each reference star used within the framework of a surgical navigation
method, in order to enable a surgical navigation system to identify the corresponding reference star on the basis of the
position of its markers relative to each other. It is therefore also then possible for the objects (for example, instruments
and/or parts of a body) to which the reference star is attached to be identified and/or differentiated accordingly. In a
surgical navigation method, the reference star serves to attach a plurality of markers to an object (for example, a bone
or a medical instrument) in order to be able to detect the position of the object (i.e. its spatial location and/or alignment).
Such a reference star for example features a way of being attached to the object (for example, a clamp and/or a thread)
and/or a holding element which ensures a distance between the markers and the object (for example in order to assist
the visibility of the markers to a marker detection device) and/or marker holders which are mechanically connected to
the holding element and which the markers can be attached to.
[0058] A navigation system, such as a surgical navigation system, is understood to mean a system which can comprise:
at least one marker device; a transmitter which emits electromagnetic waves and/or radiation and/or ultrasound waves;
a receiver which receives electromagnetic waves and/or radiation and/or ultrasound waves; and an electronic data
processing device which is connected to the receiver and/or the transmitter, wherein the data processing device (for
example, a computer) for example comprises a processor (CPU) and a working memory and advantageously an indicating
device for issuing an indication signal (for example, a visual indicating device such as a monitor and/or an audio indicating
device such as a loudspeaker and/or a tactile indicating device such as a vibrator) and a permanent data memory,
wherein the data processing device processes navigation data forwarded to it by the receiver and can advantageously
output guidance information to a user via the indicating device. The navigation data can be stored in the permanent data
memory and for example compared with data stored in said memory beforehand.
[0059] In particular, the invention does not involve or in particular comprise or encompass an invasive step which
would represent a substantial physical interference with the body requiring professional medical expertise to be carried
out and entailing a substantial health risk even when carried out with the required professional care and expertise. For
example, the invention does not comprise a step of positioning a medical implant in order to fasten it to an anatomical
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structure or a step of fastening the medical implant to the anatomical structure or a step of preparing the anatomical
structure for having the medical implant fastened to it. More particularly, the invention does not involve or in particular
comprise or encompass any surgical or therapeutic activity. The invention is instead directed as applicable to positioning
a tool relative to the medical implant, which may be outside the patient’s body. For this reason alone, no surgical or
therapeutic activity and in particular no surgical or therapeutic step is necessitated or implied by carrying out the invention.
[0060] This invention will be part of a new development focusing on intelligent orthopedic instruments designed for a
streamlined workflow. It will be used for an instrument supporting alignment of femur or other implants.

BRIEF DESCRIPTION OF DRAWINGS

[0061] In the following, the invention is described with reference to the enclosed figures which represent preferred
embodiments of the invention. The scope of the invention is not however limited to the specific features disclosed in the
figures, which show:

Figure 1 a femur with a marker device attached,
Figure 2 an exemplary camera image,
Figure 3 exemplary camera and marker device positions,
Figure 4 a flow diagram of a method for determining a center of rotation of a bone and
Figure 5 a system on which the method is implemented.

DETAILED DESCRIPTION

[0062] Figure 1 shows a femur 1 as an example of a bone for which the center of rotation is to be determined. Rigidly
attached to the femur 1 is a marker device 2. The marker device 2 in this example comprises a carrier having a flat area
on which an optical pattern is provided. The area bearing the optical pattern can also be a non-flat area. A camera 3 is
provided to capture a plurality of images over time, the images showing the marker device 2.
[0063] The femur 1 forms a hip joint together with a pelvic bone (not shown). The hip joint is a ball-and-socket type of
joint. The hip joint allows a rotation of the femur 1 about its center of rotation, which is shown as the point p in Figure 1.
In the case of a femur, the center of rotation typically is the center of the femoral head.
[0064] For many medical applications, for example in preparation of a surgical procedure, it might be necessary to
know the location of the center of rotation, that is the point p, for example relative to the bone, in the present case the
femur 1, or relative to the marker device 2 attached to the bone. Determining the center of rotation relative to the marker
device 2 can also be referred to as a registration of the bone, or at least a partial registration of the bone.
[0065] The rotation of the femur 1 about the point p is indicated by the arrows in Figure 1. It shall be noted that this
rotation can basically occur in three rotational dimensions which are for example orthogonal to each other. Rotating the
bone is also referred to as pivoting the bone.
[0066] Figure 2 shows an exemplary output image of the camera 3. This exemplary output image depicts a part of the
femur 1 and at least the optical pattern on the surface of the marker device 2. The camera image further depicts other
points in space, such as points belonging to an object 4.
[0067] The optical pattern on the surface of the marker device 2 is known. In addition, the optical properties of the
camera 3 are known. The relative position of the marker 2 relative to the camera 3 can then be calculated in up to three
translational dimensions and / or up to three rotational dimensions from the camera image depicting the optical pattern.
This technique is known to the skilled person.
[0068] In order to determine the relative position between the camera 3 and the marker device 2, references must be
assigned to the camera 3 and the marker device 2. In this exemplary embodiment, a camera co-ordinate system is
assigned to the camera 3, having a known spatial relation to the camera 3. In addition, a marker device co-ordinate
system is assigned to the marker device 2, having a known spatial relation to the marker device 2, and therefore to the
optical pattern on the marker device 2. The relative position between the camera 3 and the marker device 2 is then given
as the position of the co-ordinate system assigned to the marker device 2 in the co-ordinate system assigned to the
camera 3.
[0069] Figure 3 schematically shows the relation between the two co-ordinate systems for two different images taken
at two different points in time between which the femur 1 has been pivoted about its center of rotation p. In Figure 3, the
situation is shown in two dimensions only to simplify the illustration, but it is actually three-dimensional.
[0070] Figure 3 shows the position of the co-ordinate system Cm associated with the marker device 2 in the co-ordinate
system Cc associated with the camera 3. The left part of Figure 3 shows the relative position P1 at a first point in time
and the right part of Figure 3 shows the relative position P2 at a second point in time. In the illustration of Figure 3, the
camera 3 has moved between those two points in time, resulting in a displacement or transformation Tc. If the camera
has not moved, then Tc = 0.
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[0071] As outlined above, the relative positions P1 and P2 can be determined from two camera images. The displace-
ment Tc of the camera 3 can also be determined. This means that the movement of the marker device 2 in space between
the two points in time, which is indicated as O in Figure 3, can be calculated as O = P1 ∗ TC

-1 ∗P2
-1. This movement or

transformation O represents the movement of the marker device 2 in space, which is known to be a rotation about the
point p.
[0072] Figure 4 shows a flow diagram of a method for determining the center of rotation p of the femur 1 as an example
of a general center of rotation of a bone.
[0073] Step S01 involves acquiring image data representing a plurality of images taken by the camera 3 while the
femur 1 is being rotated about the center of rotation p. Each of the plurality of images is taken at a different point in time,
and the image data preferably, but not necessarily, represents the plurality of images in their temporal order. The images
show the marker device 2 attached to the femur 1. In the present embodiment, the camera 3 is a camera which captures
two-dimensional images.
[0074] Step S02 involves forming a plurality of image pairs from the image data, wherein each image pair comprises
two different images. This means that the two images of an image pair are taken at different points in time, which from
now on are referred to as t1 and t2. It is possible, but not mandatory, that each image out of the plurality of images is
assigned to an image pair. An image of the plurality of images can be assigned to more than one image pair.
[0075] Step S03 involves selecting an image pair from the plurality of image pairs. In particular, an image pair is
selected which has not yet previously been selected out of the plurality of image pairs.
[0076] Step S04 involves determining a first relative position of the marker device 2 relative to the camera 3 from the
first image of the image pair selected in step S03. Step S05 involves determining a second relative position of the marker
device 2 relative to the camera 3 from the second image of the image pair selected in step S03. The relative positions
are determined by analyzing the images in order to find the optical pattern of the marker device 2 and its shape in the
images as explained with reference to Figure 2.
[0077] Step S06 involves determining a displacement of the camera between t1 and t2. Step S07 then involves
compensating the displacement Tc of the camera 3 determined in step S06. In Figure 3, the displacement of the camera
is shown as Tc. Step S07 in particular involves adding the displacement Tc of the camera 3 to the first relative position
P1 determined in step S04 or subtracting the displacement Tc of the camera 3 from the second relative position P2
determined in step S05.
[0078] Step S08 involves calculating a transformation, which is indicated as O in Figure 3, of the first relative position
P1 into the second relative position P2. This transformation is associated with the image pair selected in step S03. Details
of step S08 were already described with reference to Figure 3.
[0079] Step S09 involves determining whether or not there are more image pairs, which means image pairs for which
no transformation has been calculated yet. If this is the case, the method returns to step S03, where a new image pair
is selected and steps S04 to S08 are performed for the new image pair in order to calculate a transformation associated
with the new image pair. This means that the method iterates through the image pairs. If there are no more image pairs,
the method continues with step S10, which involves calculating the center of rotation p of the femur 1. If transformations
for N image pairs, wherein N is a positive integer, have been calculated, those transformations are referred to as O1 to ON.
[0080] In one implementation, the transformation O is given as a 4x4 matrix 

wherein R is a 3x3 matrix describing a rotation and T is a 1x3 matrix describing a translation. The point p, given in co-
ordinates defined relative to the co-ordinate system Cm associated with the marker device 2, is written as the vector 

wherein x, y and z are the co-ordinates of the point p in the co-ordinate system Cm.
[0081] Since the transformations O describe rotations of the marker device 2, and therefore the associated co-ordinate
system Cm, about the point p, the equation O ∗ p’ = p’ must be fulfilled. The reason is that the location of the point p in
the co-ordinate system Cm is invariant if the marker device 2, and thus the co-ordinate system Cm, is rotated about the
point p. With the N transformations O1 to ON, this results in a system of N equations O1 ∗ p’ = p’ to ON ∗ p’ = p’. This
system of equations can be solved by known mathematical approaches in order to determine the location of the point
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p, which is the center of rotation of the femur.
[0082] It shall be noted that step S07 is optional. Instead of compensating the displacement of the camera, image
pairs for which the displacement of the camera is above a predetermined threshold can be discarded. As an alternative,
calculating the center of rotation in step S10 involves weighting the transformations associated with the image pairs
depending on the displacement of the camera 3 associated with the respective image pairs.
[0083] As an option, the method can continue with a step S11 subsequent to step S10, wherein S11 involves determining
whether or not the accuracy of the location of the center of rotation p of the femur 1 is above a predetermined threshold.
If this is not the case, additional image pairs are formed in analogy to step S02 and steps S03 to S09 are performed for
the additional image pairs. Step S10 is then repeated for the transformations associated with both the initial image pairs
and the additional image pairs.
[0084] There are several approaches for determining the displacement of the camera 3 in step S06.
[0085] One approach is to attach a marker device to the camera 3 and to track the marker device, and therefore the
camera 3, using a stationary camera.
[0086] Another approach involves analyzing and integrating data output by inertial sensors attached to the camera 3
between t1 and t2, thus obtaining the displacement of the camera 3.
[0087] Still another approach involves identifying identical points in space in both images of an image pair and calcu-
lating the displacement of the camera 3 from the differences of the positions at which those points in space are imaged
in the two images of the image pair. The points in space are for example points on a stationary object, such as the object
4 shown in Figure 2. The points in space for example are easily recognizable points, such as points on edges or corners
of the stationary object 4.
[0088] It shall be noted that, from a mathematical point of view, it is sufficient to determine the displacement of the
camera 3 in five degrees of freedom, because it is known that the transformation O is a rotation about the point p.
[0089] In this case, for example, the rotation of the camera 3 can be determined, but the translational movement of
the camera 3 can not be fully determined. In one embodiment, only the line in space on which the camera 3 is displaced
can be determined, but not the distance, which also includes the direction of the movement along the line in space. This
means that Tc is known except for a scale factor of the translation. This might occur if the displacement of the camera
3 is determined from identical points in space and their locations within the images of the image pairs.
[0090] If O ∗ p’ = p’, then also O-1 ∗ p’ = p’. With O = P1 ∗ TC

-1 ∗P2
-1, this leads to 

[0091] If P1, P2 and Tc are divided into rotational components P1R, P2R and TcR and translational components P1T,
P2T and TcT, respectively, in analogy to O being divided into R and T and TcT is associated with an unknown scale factor
a, then 

[0092] This can be rewritten into 

with 
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and 

wherein I is the unity matrix and n is an index of the N measured transformations. The co-ordinates x, y and z of the
point p and the scale factor a can be determined by solving the above system of equations.
[0093] Figure 5 schematically shows a system 5 which implements the present invention. It comprises a computer 6
being connected to the camera 3. The computer 6 comprises a central processing unit 7, a memory unit 8 and an interface
unit 9. Via the interface unit 9, the computer 6 is connected to the camera 3. However, the interface unit 9 can also be
used to acquire the image data, for example from a storage unit, if the computer 6 is not connected to the camera 3.
The memory unit 8 stores working data, such as the image data, the relative positions and the transformations associated
with the image pairs and the location of the center of rotation, and a computer program which instructs the central
processing unit 7 to perform the method described herein.
[0094] Connected to the computer 6 is an input unit 10 for receiving user input, such as a keyboard, a mouse, a touch
sensitive surface or the like. The computer 6 is further connected to an output unit 11, such as a display unit, which can
for example display the camera images, such as an image as shown in Figure 2.
[0095] As an option, the method comprises an additional step of calculating at least one overlay image, which is a
camera image, for example from the plurality of images, in which the location of the center of rotation p is overlaid. Since
the relative position of the marker device 2 and the camera 3 is known, because it was calculated in step S04 or step
S05, and the location of the center of rotation p relative to the marker device was calculated in step S10, the location of
the point p can be projected into the camera image. If the at least one overlay image is displayed on a display unit, the
location of the center of rotation can be verified by a user of the system 5, for example by inputting verification information
via the input unit 10.

Claims

1. A computer implemented method for determining a center of rotation of a bone (1), comprising the steps of:

a) acquiring image data representing a plurality of images taken by a camera (3) while the bone (1) is being
rotated about the center of rotation, wherein the images show a marker device (2) attached to the bone (1);
b) forming a plurality of image pairs from the image data, wherein each image pair comprises two different images;
c) determining a first relative position of the marker device (2) relative to the camera (3) from a first image of
an image pair;
d) determining a second relative position of the marker device (2) relative to the camera (3) from a second
image of the same image pair;
e) calculating a transformation of the first relative position into the second relative position;
f) repeating steps c) to e) for all image pairs to obtain a plurality of transformations; and
g) calculating the location of the center of rotation of the bone (1) relative to the marker device (3) from the
plurality of transformations.

2. The method of claim 1, further comprising the step of determining, for each image pair, a displacement of the camera
(3) between the points in time at which the images of the respective image pair were captured.

3. The method of claim 2, wherein calculating the center of rotation in step g) involves weighting the transformations
depending on the displacements of the camera (3) associated with the corresponding image pairs.

4. The method of claim 2 or 3, further comprising the step of amending the first relative position or the second relative
position associated with an image pair to compensate the displacement of the camera (3) if the displacement
associated with the corresponding image pair is above a predetermined threshold.

5. The method of claim 4, wherein amending a relative position involves subtracting the displacement of the camera
(3) from the relative position or adding the displacement of the camera (3) to the relative position.
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6. The method of any one of claims 2 to 5, wherein the displacement of the camera (3) is calculated from sensor data
acquired from an inertial sensor attached to the camera (3).

7. The method of any one of claims 2 to 6, wherein the displacement of the camera (3) is calculated from differences
of positions within the first and second images of an image pair which show the same points in space.

8. The method of claim 7, wherein a point in space is not a point on a marker device.

9. The method of any one of claims 1 to 8, wherein a pair of images comprises two consecutive images.

10. The method of any one of claims 1 to 9, wherein the transformation is represented by a 4x4 matrix.

11. The method of any one of claims 1 to 10, further comprising the steps of forming additional image pairs, repeating
steps c) to e) for the additional image pairs, adding the transformations corresponding to the additional image pairs
to the plurality of transformations and repeating step g) for the new plurality of transformations, the above steps
being performed if the accuracy of the location of the center of rotation is below a predetermined threshold.

12. The method of any one of claims 1 to 11, wherein the relative position of the marker device (2) relative to the camera
(3) is the position of a co-ordinate system associated with the marker device (2) in a co-ordinate system associated
with the camera (3).

13. The method of any one of claims 1 to 12, wherein calculating a transformation of a first relative position into a second
relative position takes into account that the transformation is a rotation about a fixed point or axis in space.

14. A program which, when running on a computer (6), causes the computer (6) to perform the method steps of the
method according to any one of claims 1 to 13 and/or a program storage medium on which the program is stored,
in particular in a non-transitory form.

15. A system (5) comprising a computer (6) on which the program according to claim 14 is stored and/or run.

Patentansprüche

1. Ein computerimplementiertes Verfahren zum Ermitteln des Drehzentrums eines Knochens (1), aufweisend die Schrit-
te:

a) das Akquirieren von Bilddaten, repräsentierend eine Vielzahl von Bildern, aufgenommen von einer Kamera
(3), während der Knochen (1) um das Drehzentrum gedreht wird, wobei die Bilder eine an dem Knochen
angebrachte Markervorrichtung (2) zeigen;
b) das Bilden einer Vielzahl von Bildpaaren aus den Bilddaten, wobei jedes Bildpaar zwei verschiedene Bilder
enthält;
c) das Ermitteln einer ersten Relativposition der Markervorrichtung (2) relativ zu der Kamera (3) aus einem
ersten Bild eines Bildpaares;
d) das Ermitteln einer zweiten Relativposition der Markervorrichtung (2) relativ zu der Kamera (3) aus einem
zweiten Bild desselben Bildpaares;
e) das Berechnen einer Transformation der ersten Relativposition in die zweite Relativposition;
f) das Wiederholen der Schritte c) bis e) für alle Bildpaare, um eine Vielzahl von Transformationen zu erhalten; und
g) das Berechnen des Drehzentrums des Knochens (1) relativ zu der Markervorrichtung (2) aus der Vielzahl
der Transformationen.

2. Das Verfahren nach Anspruch 1, weiter aufweisend den Schritt des Ermittelns, für jedes Bildpaar, einer Verlagerung
der Kamera (3) zwischen den Zeitpunkten, zu denen die Bilder des jeweiligen Bildpaares aufgenommen wurden.

3. Das Verfahren nach Anspruch 2, wobei das Berechnen des Drehzentrums in Schritt g) das Gewichten der Trans-
formationen abhängig von den mit den jeweiligen Bildpaaren assoziierten Verlagerungen der Kamera (3) enthält.

4. Das Verfahren nach einem Anspruch 2 oder 3, weiter aufweisend den Schritt des Veränderns der ersten Relativ-
position oder der zweiten Relativposition, die mit einem Bildpaar assoziiert ist, um die Verlagerung der Kamera (3)
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zu kompensieren, wenn die mit dem zugehörigen Bildpaar assoziierte Verlagerung oberhalb eines festgelegten
Grenzwerts ist.

5. Das Verfahren nach Anspruch 4, wobei das Verändern einer Relativposition das Subtrahieren der Verlagerung der
Kamera (3) von der Relativposition oder das Addieren der Verlagerung der Kamera (3) zu der Relativposition umfasst.

6. Das Verfahren nach einem der Ansprüche 2 bis 5, wobei die Verlagerung der Kamera (3) berechnet wird aus
Sensordaten, die von einem an der Kamera (3) befestigten Inertialsensor akquiriert wurden.

7. Das Verfahren nach einem der Ansprüche 2 bis 6, wobei die Verlagerung der Kamera (3) berechnet wird aus
Differenzen zwischen Positionen innerhalb der ersten und zweiten Bilder eines Bildpaares, die dieselben Punkte
im Raum zeigen.

8. Das Verfahren nach Anspruch 7, wobei ein Punkt im Raum kein Punkt auf einer Markervorrichtung ist.

9. Das Verfahren nach einem der Ansprüche 1 bis 8, wobei ein Bildpaar zwei aufeinanderfolgende Bilder enthält.

10. Das Verfahren nach einem der Ansprüche 1 bis 9, wobei die Transformation von einer 4x4-Matrix repräsentiert wird.

11. Das Verfahren nach einem der Ansprüche 1 bis 10, weiter aufweisend die Schritte des Bildens zusätzlicher Bildpaare,
des Wiederholens der Schritte c) bis e) für die zusätzlichen Bildpaare, das Hinzufügen der zu den zusätzlichen
Bildpaaren gehörenden Transformationen zu der Vielzahl von Transformationen und das Wiederholen des Schritts
g) für die neue Vielzahl von Transformationen, wobei die vorgenannten Schritte durchgeführt werden, wenn die
Genauigkeit der Position des Drehzentrums unter einem festgelegten Grenzwert ist.

12. Das Verfahren nach einem der Ansprüche 1 bis 11, wobei die Relativposition der Markervorrichtung (2) relativ zu
der Kamera (3) die Position eines mit der Markervorrichtung (2) assoziierten Koordinatensystems in einem mit der
Kamera (3) assoziierten Koordinatensystem ist.

13. Das Verfahren nach einem der Ansprüche 1 bis 12, wobei das Berechnen einer Transformation einer ersten Rela-
tivposition in eine zweite Relativposition berücksichtigt, dass die Transformation einer Rotation um einen festen
Punkt oder eine feste Achse im Raum ist.

14. Ein Programm, das, wenn es auf einem Computer (6) läuft, den Computer (6) dazu veranlasst, die Verfahrensschritte
des Verfahrens gemäß einem der Ansprüche 1 bis 13 auszuführen, und/oder ein Programmspeichermedium, auf
dem das Programm gespeichert ist, insbesondere in einer nicht-flüchtigen Form.

15. Ein System (5) enthaltend einen Computer (6), auf dem das Programm gemäß Anspruch 14 gespeichert ist und/oder
läuft.

Revendications

1. Procédé implémenté par ordinateur, pour déterminer un centre de rotation d’un os (1), comprenant les étapes de :

a) l’acquisition de données d’image représentant une pluralité d’images prises par une caméra (3) alors que
l’os (1) est mis en rotation autour du centre de rotation, dans lequel les images présentent un dispositif marqueur
(2) attaché à l’os (1) ;
b) la formation d’une pluralité de paires d’images à partir des données d’image, dans lequel chaque paire
d’images comprend deux images différentes ;
c) la détermination d’une première position relative du dispositif marqueur (2) relativement à la caméra (3) à
partir d’une première image d’une paire d’images ;
d) la détermination d’une seconde position relative du dispositif marqueur (2) relativement à la caméra (3) à
partir d’une seconde image de la même paire d’images ;
e) le calcul d’une transformation de la première position relative en la seconde position relative ;
f) la répétition des étapes c) à e) pour toutes les paires d’images pour obtenir une pluralité de transformations ; et
g) le calcul de l’emplacement du centre de rotation de l’os (1) relativement au dispositif marqueur (3) à partir
de la pluralité de transformations.
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2. Procédé selon la revendication 1, comprenant en outre l’étape de la détermination, pour chaque paire d’images,
d’un déplacement de la caméra (3) entre les instants auxquels les images de la paire d’images respective ont été
capturées.

3. Procédé selon la revendication 2, dans lequel le calcul du centre de rotation dans l’étape g) implique la pondération
des transformations en fonction des déplacements de la caméra (3) associés aux paires d’images respectives.

4. Procédé selon la revendication 2 ou 3, comprenant en outre l’étape de l’amendement de la première position relative
ou de la seconde position relative associée à une paire d’images pour compenser le déplacement de la caméra (3)
si le déplacement associé à la paire d’images correspondante est supérieur à un seuil prédéterminé.

5. Procédé selon la revendication 4, dans lequel l’amendement de a position relative implique la soustraction du
déplacement de la caméra (3) à partir de la position relative ou l’addition du déplacement de la caméra (3) à la
position relative.

6. Procédé selon l’une quelconque des revendications 2 à 5, dans lequel le déplacement de la caméra (3) est calculé
à partir de données de capteur acquises à partir d’un capteur inertiel attaché à la caméra (3).

7. Procédé selon l’une quelconque des revendications 2 à 6, dans lequel le déplacement de la caméra (3) est calculé
à partir de différences de positions à l’intérieur des première et seconde images d’une paire d’images qui présentent
les mêmes points dans l’espace.

8. Procédé selon la revendication 7, dans lequel un point dans l’espace n’est pas un point sur un dispositif marqueur.

9. Procédé selon l’une quelconque des revendications 1 à 8, dans lequel une paire d’images comprend deux images
consécutives.

10. Procédé selon l’une quelconque des revendications 1 à 9, dans lequel la transformation est représentée par une
matrice 4x4.

11. Procédé selon l’une quelconque des revendications 1 à 10, comprenant en outre les étapes de la formation de
paires d’images supplémentaires, la répétition des étapes c) à e) pour les paires d’images supplémentaires, l’addition
des transformations correspondant aux paires d’images supplémentaires à la pluralité de transformations et la
répétition de l’étape g) pour la nouvelle pluralité de transformations, les étapes ci-dessus étant réalisées si la
précision de l’emplacement du centre de rotation est inférieure à un seuil prédéterminé.

12. Procédé selon l’une quelconque des revendications 1 à 11, dans lequel la position relative du dispositif marqueur
(2) relativement à la caméra (3) est la position d’un système de coordonnées associé au dispositif marqueur (2)
dans un système de coordonnées associé à la caméra (3).

13. Procédé selon l’une quelconque des revendications 1 à 12, dans lequel le calcul d’une transformation d’une première
position relative en une seconde position relative prend en compte le fait que la transformation est une rotation
autour d’un point fixe ou d’un axe dans l’espace.

14. Programme qui, lorsqu’il est exécuté sur un ordinateur (6), fait en sorte que l’ordinateur (6) réalise les étapes de
procédé du procédé selon l’une quelconque des revendications 1 à 13, et/ou support de stockage de programme
sur lequel le programme est stocké, en particulier sous forme non transitoire.

15. Système (5), comprenant un ordinateur (6) sur lequel le programme selon la revendication 14 est stocké et/ou
exécuté.
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