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(57) Abstract: An optimization unit controls electrical currents of a set of
electromagnets to generate a wanted maneuvering magnetic field pattern
(MMP) for moving an in-vivo device in the GI system. The optimization
unit may calculate a magnetic force and a magnetic field to maneuver the
in-vivo device from a current location and/or orientation to a new location
and/or orientation. The optimization unit may solve a magnetic force op
timization problem with respect to the magnetic force in order to determ
ine electrical currents suitable for generating the wanted MMP. The op
timization unit may additionally or alternatively solve a minimum elec
trical power optimization problem with respect to the electrical power to
be consumed by the electromagnets in order to recalculate or adjust the
electrical currents. The optimization unit may solve one or more of the
optimization problems while complying with a set of constraints associ
ated with or derived from each type of optimization objective.

SYSTEM AND METHOD FOR MANEUVERING COILS POWER OPTIMIZATION

FIELD OF THE INVENTION
The present invention generally relates to maneuvering of a magnet in a
magnetic field and more specifically to a magnetic field based maneuvering system and
methods for maneuvering a swallowable in-vivo device, and to optimization methods
based on which an electrical power is provided to the maneuvering system.

BACKGROUND
In-vivo measuring systems and other types of in-vivo systems (e.g., in-vivo
devices for performing surgical and the like operations) are known in the art. Some invivo devices/systems, which may traverse the gastrointestinal ("GI") system (mouth-toanus), or other body organs/systems, may include an imaging sensor, or imager, for

imaging (e.g., capturing images of) the interior of the GI system. An in-vivo device
may include one or more imagers. Other in-vivo devices may alternatively or
additionally include a medication container and means for administering medication in
the GI system. Other in-vivo devices may include means for performing surgical

operations in vivo, and so on. Autonomous in-vivo devices are devices that traverse the
GI system by being pushed through the GI system by peristaltic force exerted by the

digestive system. Autonomous in-vivo devices may also spasmodically move in the
intestinal tract in 'fits and starts'.
Moving a device in vivo by using a peristaltic force has drawbacks. For
example, the in-vivo device may get uncontrollably stuck somewhere in the GI system
for an unknown period of time; the device may capture images in one direction while a
nearby area, which may be clinically more interesting, is not imaged sufficiently or at
all, etc.

There exist magnetic maneuvering systems for maneuvering in-vivo devices
magnetically. A device may be maneuvered magnetically by incorporating a magnet in
it. Such maneuvering systems may be designed to magnetically move an in-vivo

sensing device from one spatial location to another, and change its spatial orientation
(e.g., roll angle, pitch angle and/or yaw angle).

Conventional magnetic maneuvering systems have drawbacks. For example,
some systems are allowed to be overly robust in order to be able to provide large

magnetic-field generating electrical currents while permitting the maneuvering systems
to consume excessive electrical power. Conventional magnetic maneuvering systems
are indiscriminative with respect to optimization of the magnetic field and force output

to various regions of the GI system.

For example, assuming that a magnetic maneuvering system can generate a
maneuvering magnetic field pattern ("MMP") for maneuvering a device by using
various sets of electrical currents, where each current is provided to an electromagnet, it
would be beneficial to be able to select the set of electrical currents such that generating
the MMP by these currents would result in a magnetic force that is as close to a desired

magnetic force as possible, and, if required, in a total electrical power that is as minimal
as possible.

SUMMARY
An optimization unit may control electrical currents of maneuvering

electromagnets in order to generate a maneuvering magnetic field pattern (MMP) that
can move an in-vivo device in the GI system. A controller (e.g., a motion controller)

may calculate a value of a desired magnetic force and/or a desired magnetic field that
may depend, for example, on the location/orientation (current or intended/target) of the

device in the GI system and, optionally, on the device's speed/velocity in the GI
system. The controller may output (and transfer; e.g., to an optimization unit) data that

may represent, for example, a first set of magnetic field particulars or data consisting
of, or representing, a first magnetic field, a first magnetic force and a first magnetic

torque for moving the in-vivo device. The optimization unit may receive the data

representing the first set of magnetic field particulars, and it may select, as an
optimization objective, a wanted magnetic force or wanted magnetic field (for example
the magnetic force/field calculated by the controller or a magnetic field derived from or

otherwise associated with it). The optimization unit may solve the optimization
objective to find an optimal configuration or set of electrical currents to or for the
electromagnets such that providing these electrical currents to the maneuvering
electromagnets results in a magnetic force that is as close to the desired magnetic force
as possible. The optimization unit may find the optimal set of electrical currents such

that a set of predetermined or preselected constraints associated with, or derived from,
the optimization objective would be complied with.

The optimization unit may additionally or alternatively select, as an

optimization objective, a minimal electrical power (the power consumed by the
electromagnets). The optimization unit may solve the minimum power optimization
objective to find an optimal configuration or set of electrical currents for the
electromagnets such that the resulting total electrical power consumed by the
electromagnets to which these currents are provided, would be minimal. The
optimization unit may find the optimal set of electrical currents such that a set of
predetermined constraints associated with, or derived from, the minimal electrical
power optimization objective would be complied with. The wanted magnetic force and
the set of constraints to be used with any optimization objective may depend on, or set

according to, the current location and/or orientation and/or speed/velocity of the

maneuvered device in the GI system/tract.

BRIEF DESCRIPTION OF THE DRAWINGS

Various exemplary embodiments are illustrated in the accompanying figures
with the intent that these examples not be restrictive. It will be appreciated that for
simplicity and clarity of the illustration, elements shown in the figures referenced below
are not necessarily drawn to scale. Also, where considered appropriate, reference

numerals may be repeated among the figures to indicate like, corresponding or
analogous elements. Of the accompanying figures:
Fig. 1 illustrates a circular electromagnets assembly/setup according to an

example embodiment;
Fig. 1A shows a high-level block diagram of an electrical power optimization

system according to an example embodiment;

Fig. 2 depicts a maneuvering electromagnets system according to an example

embodiment;
Fig. 3A is a block diagram of a magnetic maneuvering system according to an

example embodiment;
Fig. 3B is a block diagram of a magnetic maneuvering control system according
to an example embodiment;

Fig. 4 is a block diagram of an in-vivo system according to an example

embodiment;
Fig. 5 shows a magnetically maneuvering method according to an example

embodiment;
Fig. 6 shows a magnetically maneuvering method according to another example

embodiment;
Fig. 7 shows a magnetically maneuvering method according to yet another

example embodiment;
Fig. 8 shows a magnetically maneuvering method according to still another

example embodiment; and
Fig. 9 shows magnetically maneuvering method according to still another

example embodiment.

DETAILED DESCRIPTION
The

description

that follows provides

various

details

of exemplary

embodiments. However, this description is not intended to limit the scope of the claims
but instead to explain various principles of the invention and the manner of practicing
it.

A magnetic maneuvering system may include, for example, a motion controller
for controlling movement of an in-vivo device in a desired direction and/or desired
velocity, and an optimization unit for selecting or calculating an optimal set of
electrical currents for a set of electromagnets in compliance with an optimization
objective subjected to a related set of constraints. Calculating electrical currents of
electromagnets involves solving a system of partial differential equations, and solving

the equations requires using some constraints. The optimization unit may output a

solution (e.g., in the form of a set of electrical currents, or currents configuration, or

data representing such currents, to or for the electromagnets), for example while using a

linear system of equations.
Assuming that an electromagnet is coreless (it includes no 'magnetic' core), a
magnetic field (B) generated by such electromagnet linearly depends on the electrical

current that passes through/in the electromagnet. Since magnetic force (F) and magnetic
torque (T) linearly depend on the magnetic field that produces them, the magnetic force
and magnetic torque linearly depend on the electrical current as well. Because of the

linear relationship between electrical current and magnetic field B, magnetic force F
and magnetic torque T, it is beneficial (e.g., for simplicity reasons), in a magnetic

maneuvering

system,

to

calculate

electrical

currents

for

the

maneuvering

electromagnets by solving a set of linear equations. However, since the maneuvering
electromagnets may include an iron core, the 'linear'

electrical currents are

compensated for the de-linearization effect caused by the cores. (By 'linear electrical
current' is meant an electromagnet's current sustaining a linear relationship between the
electrical current and the magnetic field/force/torque; e.g., in the absence of a magnetic
core. By 'actual current' is meant herein a version of the linear current that factors in,

or is compensated for, non-linearity due to the electromagnets' core.) Therefore, while

electromagnets of the present invention are driven by (fed with) 'actual currents',
recalculation of the electromagnets' currents (e.g., scaling currents down, or decreasing
them proportionally) is performed in the linearity domain/space. That is, if required, the
actual currents can iteratively be converted back to linear currents, recalculated (e.g.,

scaled down by using a scale down factor), and the resulting current values may be

converted back to (different or new) actual currents.
Some embodiments are described below as including, or using, eight

electromagnets. However, other numbers of electromagnets may be used; e.g., less than
eight electromagnets (e.g., four electromagnets, etc.), or more than eight electromagnet
(e.g., nine electromagnets, ten electromagnets, etc.)

Fig. 1 illustrates circularly positioned electromagnets system 100 according to
an example embodiment of the invention. In general, N electromagnets may be

positioned circularly and form a plane (e.g., X-Y plane, as demonstrated by Fig. 1), for
example, such that each electromagnet may have a paired, conjugated, electromagnet
on the opposite side of the circle. By way of example, N=8, that is, electromagnets
system 100 may include eight electromagnets (designated as 110, 120, 130, 140, 150,
160, 170 and 180), which form, or are circularly circumscribed by, a circle 102.

Circular electromagnets system 100 may form, or lie on, a plane coinciding with the
Cartesian X-Y plane having a normal in the direction of the Z axis.
Electromagnets 1 10 through 180 may functionally be divided into four pairs of
conjugated electromagnets, where each pair may include a first electromagnet and a
second electromagnet that may be positioned opposite the first electromagnet. The
electromagnets of electromagnets system 100 may equidistantly be distanced from the
coordinate's origin 104 and equidistantly spaced apart on circle 102, with the same
angle separating any two adjacent electromagnets.
One example pair of electromagnets (the pair is shown at 106) may include two
electromagnets, designated as 1 10 and 150, on the Y axis; two electromagnets,
designated as 120 and 160, in a direction 190 that may be at an angle of +45 degrees
with respect to the Y axis; two electromagnets, designated as 130 and 170, on the X
axis; and two electromagnets, designated as 140 and 180, in a direction that may be at
an angle of (-45) degrees with respect to the X axis.

A wanted/required magnetic maneuvering pattern (MMP) (e.g., magnetic fields
and magnetic gradients for maneuvering a device) may be generated by using more
than one combination of electromagnets, including more than one combination of
current magnitudes and current directions. As explained herein, a MMP may include a
magnetic field whose direction may be in any desired direction, including only in the X
axis/direction, or only in the Y axis/direction, or only in the Z axis/direction, or in any
intermediate/intervenient direction (e.g., at any angle with respect to any axis). An
example MMP is shown at 108. Example EMP 108 has magnetic field whose
direction(s) is(are) in the X-Y plane but not in the Z direction. (Other MMPs may have

magnetic field in other directions in the X-Y plane, and also in the Z direction, as
explained herein, provided that the coils system includes electromagnets positioned
such that they can generate magnetic fields in the Z direction.) The orientation of MMP
108 may controllably be changed to a different orientation, for example, by shutting

down (switching off the currents passing through) electromagnets 120, 140, 160 and
180, and using a different set of electromagnets, for example electromagnets 110, 130,

150 and 170. Orientation when referred to herein may mean the direction the device

points or the angular position or attitude of the device, or a representation of the
placement of the object in a rotational coordinate system. Such electromagnets
swapping may result, for example, in a rotation of the MMP by 45 degrees
counterclockwise or 45 degrees clockwise, depending on the direction of the electrical
currents of the various electromagnets.
The magnetic field generation
enhanced/improved

scheme shown in Fig. 1 provides for

maneuverability, for example, of in-vivo devices, because it

enables generating a magnetic field in any spatial direction within a three-dimensional
operating region, and, in addition, it provides for independent control of the direction of
the magnetic field, which aligns a device, and the direction and magnitude of the
magnetic gradient, which sets the direction and magnitude of the force applied to the
maneuvered device.
Fig. 1A shows a block diagram of an optimization system 1000 according to an
example embodiment. Optimization system 1000 may include a motion controller
1010, as an example controller, and an optimization unit 1020. Motion controller 1010

may receive location and/or orientation (P&O) data (1002). P&O data 1002 may
include data representing or regarding the current location and orientation (current
P&O) of a magnetically maneuverable device (e.g., an in-vivo device including a
magnet) and data representing or regarding the next (e.g., new) P&O of the device. To
the P&O data 1002 may be annexed data representative of a speed with which the invivo device should be move to the next or new P&O. Motion controller 1010 may use
P&O data 1002 to calculate a first set of magnetic data or particulars: e.g., a (first)
magnetic force (F) required to move the device and/or a (first) magnetic field B and/or

(first) torque

(T)

that is/are required to change its orientation. Motion controller 1010

may, then, output data ( 10 12) representing the calculated (first) set of magnetic field
data or particulars, for example a first/calculated magnetic force,
first/calculated magnetic field,

B,

to optimization unit 1020. (

and

B,

F,

and a

which motion

controller 10 10 calculates for moving and orienting the device, make, form, create or
have an associated maneuvering magnetic field pattern (MMP). Data 1012 may, thus,
represent a wanted/desired MMP for maneuvering the device.) A value of a magnetic
force may depend on, or be a function of, a factor selected from a group of factors

consisting of: a location of the device in the gastrointestinal system and the
speed/velocity of the device in the gastrointestinal system.
Units such as controller 340, optimization system 1000, motion controller 1010,
optimization unit 1020, controller 460, and other processors or processing units
described herein may be or include, or may be included within, one or more processors
or controllers, which may be for example a dedicated processor or controller or a
general purpose processor or controller configured to carry out embodiments of the
present invention by for example executing software or code.
Optimization unit 1020 may receive data 1012 from motion controller 1010 in
order to use the data to optimize a set of electrical currents (e.g., to find a 'current
solution') and to provide the optimized set of currents to maneuvering electromagnets
to generate wanted or desired magnetic field particulars to controllably maneuver the

in-vivo device. In addition, optimization unit 1020 may receive data 10 14 that may
represent one or more optimization objectives, and data 101 6 that may represent a set of
constraints for, associated with or derived from each optimization objective. Using
constraints enables optimization unit 1020 to find an electrical current solution for the
maneuvering system that is optimal in terms of selection of the electrical currents of the
electromagnets, magnetic field/force/torque,

electrical power consumed by the

maneuvering system, etc.
Assuming that a magnetic maneuvering system includes N electromagnets,
optimization unit 1020 may control the electrical currents provided to the N
electromagnets to thereby generate a maneuvering magnetic field pattern within an

operating region (e.g., within a particular region of the GI tract) to controllably move an
in- vivo device within that region. Optimization unit 1020 may receive data, for

example from motion controller 10 10, that may represent the first (calculated) set of
magnetic field data or particulars ( 1012) consisting, for example, of a first magnetic
field (B), a first magnetic force (F) and, optionally, a first magnetic torque (T) for
moving the in-vivo device. The first set of magnetic field particulars may be calculated
by the motion controller according to data representing location and/or orientation
(P&O; at 1002) of the in-vivo device in the digestive/gastrointestinal tract of a subject.

Optimization unit 1020 may select, based on P&O data, one or more
optimization objectives from the group consisting of (i) a minimum difference between
a value of a second (output) magnetic field particular, which is to be actually applied to
the in-vivo device in a predetermined direction, and a value of the first magnetic field
particular calculated by motion controller 10 10, and (ii) a minimum value for the
electrical power

(P m in )

to be consumed by the electromagnets generating the MMP. (A

second magnetic field particular may be a second magnetic field, a second magnetic
force, or a second magnetic torque.) Optimization unit 1020 may also select a set of

constraints that may be associated with, or derived from, the selected optimization
objective(s) and with the first (calculated) set of magnetic field data or particulars. (The
set of constraints may be selected depending on the used optimization objective and the

first (calculated) magnetic field particulars.)
Optimization unit 1020 may output ( 1022) and provide an optimal set of
electrical currents to maneuvering electromagnets such that the magnetic field
particulars jointly generated by the electromagnets satisfy the selected optimization
objective(s), and the selected set(s) of constraints respectively associated with, or
derived from, the selected optimization objective(s) are complied with.
Optimization unit 1020 may select a set of one or more constraints from a group
consisting of: (a) a permissible value, or range, of the magnetic field (B), (b) a
permissible value, or range, of the magnetic force (F), (c) a permissible value, or range,
of the magnetic torque (T), (d) a permissible value, or range, of a direction

(a)

of the

magnetic field, (e) a permissible value, or range, of a direction ( ) of the magnetic
force, and (f) a permissible value, or range, of a ratio (R) between the magnetic field

(B) and the magnetic force (F) (R=B/F). (Other or additional types of constraints may

be used.)
Optimization unit 1020 may select the second magnetic force (F) based on (i)
the current location and/or current orientation of the in-vivo device, or (ii) the new

location and/or new orientation of the in-vivo device, or (iii) both the current and new
location and/or orientation of the in-vivo device. The second magnetic force, which
may be regarded as an actual or wanted magnetic force, may be identical to the first
magnetic force, which may be regarded as an initial or target magnetic force. The
second magnetic force may differ from the first magnetic force. For example, the
second magnetic force may be weaker than the first magnetic force. The second
magnetic force may be selected from a group consisting of: (i) a maximum magnetic
force (Fmax) that can be generated, for example, by using selected electrical currents or

selectively manipulated currents, and (ii) a magnetic force which is less than the
maximum magnetic force.
Optimization unit 1020 may solve a magnetic force optimization problem for
the second magnetic force in order to obtain a first set of electrical currents to

potentially drive the electromagnets. Optimization unit 1020 may additionally or
alternatively solve a "minimum electrical power" optimization problem to obtain a
second set of electrical currents to potentially drive the electromagnets. Optimization
unit 1020 may decide to solve, or to refrain from solving, the "minimum electrical
power" optimization problem depending on various factors, for example, depending on:
(i) a region of the digestive (gastrointestinal) tract the in-vivo device is at or in, and/or

the device's speed/velocity, or (ii) the magnitude of the magnetic force required to

move the in-vivo device. (Optimization unit 1020 may use other decision criteria.)
Optimization unit 1020 may provide to the electromagnets the first set of electrical
currents when/if no "minimum electrical power" optimization problem is to be solved,
and may provide the second set of electrical currents to the electromagnets when/if the

"minimum electrical power" optimization problem is solved.
After optimization unit 1020 solves the optimization problem, or problems, to
find the best, or more suitable, set of electrical currents that complies with the
optimization objective(s) and associated or derived constraints, optimization unit 1020

outputs data or signal (1022), which represents the optimal solution of the electrical
currents (e.g., the optimization solution), to a controller (e.g., a current controller, not
shown in Fig. 1A) that may use data/signal 1022 to modify or adjust the currents of the
electromagnets accordingly, to thereby generate magnetic field particulars that are as
close to the wanted ones as possible, and that comply with the associated or derived set
of constraints.
Fig. 2 depicts a maneuvering electromagnets setup 205 that includes an

electromagnets system similar to circular electromagnets system 100 of Fig. 1 and, in
addition, 'Z' coils/electromagnets (implemented as Helmholtz pair of circular coils)

according

to

an

example

embodiment

of the invention.

A

'Z-coil'

is a

coil/electromagnet that may lie on, or coincide with, the X-Y plane (or lying on a plane
parallel to the X-Y plane), which is perpendicular to the Z axis (202). (A Z-coil may
form a plane having a normal in the Z direction.) A Z-coil may generate a magnetic
field, and a magnetic field gradient, in the Z direction (e.g., in the +Z direction or in the
- Z direction). Fig. 2 depicts two Z-coils, designated as 290 and 292. Additional Z-coils
may be interposed in-between Z-coils 290 and 292 to enhance the magnetic field in the
Z direction, for example to make the magnetic field in the Z more uniform and, if
required, stronger. Coils/electromagnet 210 through 280 and Z-coils 290 and 292 are
shown encapsulated by a shell/housing that may be octagon, as shown at 294.
Fig. 3A is a block diagram of a magnetic maneuvering system 300 according to
an example embodiment of the invention. Magnetic maneuvering system 300 may

include a magnetic maneuvering control system 305, a bed 350 on which a subject may
lie, a data recorder/receiver 370, and position and orientation (P&O) system 380. An in-

vivo device 360 may be swallowed by the subject before or while the subject lies on
bed 350. Bed 350 may be controllably moveable.
Magnetic maneuvering control system 305 may include a maneuvering
coils/electromagnets system 310, which may be identical or similar to maneuvering
coils/electromagnets system 205 of Fig. 2, a power source 320 that may be configured
to provide electrical currents to the coils/electromagnets of coils/electromagnets system
310, amplifiers 330 (e.g., an amplifier per coil/electromagnet) for individually adjusting

the electrical current (including value and direction) of each coil/electromagnet of

coils/electromagnets system 310, a controller 340 for controlling a MMP, for example,
by changing the electrical state of the amplifiers by individually controlling an
electrical parameter (e.g., amplification/gain, conduction, etc.) of each amplifier, and a
memory 342. Controller 340 may, based on P&O information it receives from P&O
system 380, control movement of in-vivo device 360 by using/operating amplifiers 330
and electromagnets system 310 to generate a wanted magnetic field gradient in a

wanted direction in order to move in-vivo device in a desired direction and in a desired
speed. Electromagnet system 310 may include N electromagnets, and amplifiers unit
330 may be controlled by controller 340 to output, and to respectively provide, a set of

N electrical currents to the N electromagnets. Memory 342 may store an instruction
code (e.g., for controller 340), P&O information/data, user input data, etc.
A subject having ingested in-vivo device 360 may lie on bed 350. In-vivo
device 360 may wirelessly transmit image data pertaining to images acquired in the
subject's GI system, and possibly data of other type(s), to data recorder/receiver 370.
(Recorder/receiver 370 may be incorporated into or attached to a gantry containing
coils 310.) Recorder/receiver 370 may transfer image data, and possibly other types of

data (e.g., location and/or orientation data), to controller 340. Controller 340 may
display transferred images to a display device, and may use them, or any other
information, for example, to navigate or maneuver in-vivo device 360 in the subject's
GI system.

P&O system 380 may transmit localization signals (382) in proximity to the
subject's GI system, and a localization signal sensor (e.g., sensing coil(s)) residing in
in-vivo device 360 may sense the localization signals and transmit raw, pre-processed
or fully processed P&O data, which are related to the in-vivo device's current P&O, to
data recorder 370. Data recorder 370 may transfer the P&O data pertaining to the
current device's P&O to P&O system 380. Depending on the processing capability of
data recorder 370, P&O system 380 may process, or further process, or fully analyze
the P&O data and transfer corresponding P&O information to controller 340.

A user (e.g., a physician) may use an input system 390 to transfer P&O data to
controller 340 regarding a wanted P&O or a next or intended P&O of in-vivo device
360. Controller 340 may analyze the wanted/next/intended P&O relative to the current

P&O information and, based on the difference, controller 340 may determine (e.g., by

calculation) the magnitude and/or direction of the magnetic field and magnetic force
that should be generated in order to move in-vivo device 360 from the current P&O to
the wanted/next P&O. Controller 340 may, then, calculate the electrical currents to be

provided to electromagnets 310 in order to generate the magnetic field and magnetic
force according to the determined magnitude and/or direction. Then, controller 340 may

output/transfer (332) a corresponding signal, or signals, to amplifiers 330 to
accordingly adjust an electrical parameter of one or more of amplifiers 330. The
adjusted electrical currents, then, may be fed or provided to electromagnets 310 to
maneuver in-vivo device 360 to the next, intended, or new P&O. Controller 340 may
monitor (334), for example it may get feedback regarding, the state of amplifiers 330,
and use the feedback information in conjunction with the P&O data/information to

control the state of amplifiers 330. Controller 340 may also control (322) power source
320, for example, to change the electrical currents' dynamic range. That is, controller

340 may control the various electrical currents coarsely by controlling the electrical

state of power source 320, and the electrical currents may be fine-tuned by controller
340 by using amplifiers 330.

Controller

340 may be configured

to operate

N electromagnets

to

simultaneously generate or produce a magnetic field that aligns an in-vivo device in a
first direction, and a magnetic gradient to exert/apply force on the in-vivo device in a
second direction, to thereby manipulate (controllably change) the location and/or
orientation of the in-vivo device. The direction of the magnetic gradient (the second
direction) may be, for example, parallel to the first direction (the direction of the
magnetic field), or at an angle with respect to the first direction. Controller 340 may
selectively activate one or more electromagnets in order to generate a wanted or
required MMP. That is, not all electromagnets of electromagnets system 310 have to be
activated or used in order to generate a particular MMP. Controller 340 may receive
(e.g., from P&O system 380) a P&O data representative of a current P&O of in-vivo

device 360, for example, in the GI system of a subject positioned in the circularly
positioned N electromagnets, and it may obtain (392), for example from a
user/operator, data representative of an intended P&O of the in-vivo device in the GI
system. Controller 340 may, then, generate and forward a control signal (332) to

amplifiers 330 to thereby control the electrical currents (magnitudes and directions) for
the N electromagnets based on the P&O data.

Fig. 3B is a partial block diagram of a magnetic maneuvering control system

305' according to an example embodiment of the invention. Magnetic maneuvering
control system 305' may include an electromagnetic system 310' that may include N
electromagnets, designated as Electromagnet- 1 (shown at 312), Electromagnet-2
(shown at 314),..., Electromagnet-N. The N electromagnets (e.g., N=8) may function in
the way described herein. Magnetic maneuvering control system 305' may also include

N amplifiers, shown at 330', for example one amplifier per electromagnet. The N
amplifiers may respectively supply N electrical currents to the N electromagnets. For
example, amplifier 'Amplifier

may supply electrical current II, shown at 302, to

Electromagnet- 1, amplifier 'Amplifier 2' may supply electrical current 12, shown at
304, to Electromagnet-2, and so on. (Other amplifier configurations may be used. For

example, an amplifier having multiple electrical current outputs may be used.)
An in-vivo device (e.g., in-vivo device 360) may be forced to move from one

location to another, or forced to change its orientation, by using more than one current
solution. (The term 'current solution' refers to a selected set of electromagnets and

electromagnet currents that jointly generate a magnetic maneuvering pattern (MMP)
required to maneuver an in-vivo device to a wanted or required location or orientation.)
Namely, a same (or resembling) MMP may be generated by using different electrical
current solutions, where different electrical current solutions may refer (e.g., include
usage of) different sets of electromagnet currents II (shown at 302),

12

(shown at 304),

13,..., IN. (Selection of an electromagnet's current Ii means selection of the value of the

electromagnet's current and direction (e.g., negative direction or positive direction).
Selecting an electrical current also means selection of the pertinent electromagnet.)

However, the overall electrical power consumed/drawn by the system's power source

(e.g., power source 320 of Fig. 3A) and peripherals (e.g., electromagnets, control

system, etc.) in order to drive the system's electromagnets may vary between sets of

electromagnets and currents. That is, a selection of a particular set of electromagnets
and electromagnet currents may be more economical (in terms of total electrical power)

than other sets, which calls for an optimization process with respect to which set of
electromagnet currents better suits a particular maneuvering requirement or MMP in
terms of; e.g., total electrical power. Controller 340 may, in selecting electromagnets
and electromagnets' currents, execute an optimization procedure/program to determine

which set of electromagnets and electromagnet currents are optimal (e.g., in terms of
wanted magnetic force, power consumption, etc.) for any maneuvering requirement
(e.g., for generating a MMP for maneuvering a device from one point to another in a

three-dimensional operating region, etc.). Controller 340 of Figs. 3A-3B, by executing
software or instructions, may carry out steps which are performed by any of
optimization system 1000, motion controller 1010 and optimization unit 1020, and thus
may function as these units.
Fig. 4 shows an in-vivo imaging system 400 according to an example

embodiment. In-vivo imaging system 400 may include an in-vivo device 406 with an
imager 412, a data recorder 408, a workstation 430, which may be, for example, a
workstation or personal computer, and a display device 402 for displaying, for example,
images and/or a video clip or moving image stream, and for displaying information
related to the location and/or orientation of the in-vivo device, etc. Workstation 430
may functionally be connected to maneuvering system 305 of Fig. 3A, and display
(e.g., on display device 402) various data regarding set(s) of electromagnets and

electromagnet currents and/or potential electromagnets and potential electromagnet
currents that are, or that may be, used to maneuver device 406.
By way of example, in-vivo device 406 may include one imager (e.g., imager
412), or more imagers. In-vivo device 406 may also include a light/illumination source

4914 for illuminating a GI section/site/organ to be imaged, a controller 460, which may
execute some or all of steps or procedure(s) executed by controller 340, optimization
unit 1020, or other units described herein, a storage unit 440 for storing data, a
transceiver 450 for transmitting (442) image frames and, optionally, for receiving (448)

data and/or commands from data recorder 408, and an electrical power source for
powering the device (406).
In-vivo device 406 may include a location and steering unit (LSU) 407. LSU
407 may include a sensing coil assembly (SCA) 410 for sensing localization signals

generated, for example, by an external localization system (not shown). SCA 410 may

include k sensing coils for sensing electromagnetic localization fields/signals through
electromagnetic induction,, where k is an integer equal to or greater than 1 (e.g., k=2, or
k=3) that may be, for example, mutually perpendicular. The current location, and

optionally the current orientation, of in-vivo device 406 may be determined based on
the EMF signal(s) sensed by (induced in) SCA 410.

Device 406 may also include a permanent magnet 411 that may interact with a
magnetic field generated, for example, by the magnetic maneuvering system 305 of Fig.
3A, or by a similar system. Magnet 4 1 1, in conjunction with a magnetic field, may
produce magnetic forces and/or torques to maneuver device 406 in a desired direction
or to orient or position it in a desired orientation/direction. Device 406 may include a
sensing signal processor ("SSP") 413 for measuring the magnitude of the EMF signals

induced in SCA 410. Controller 460 may use transceiver 450 to transfer data that
represents the EMF signals (P&O data of device 406) to data recorder 408.
Data recorder 408 may include, for example, a transceiver 444 and a controller
490. Data recorder 408 may include additional components for communicating with
(e.g., transferring data frames, data, etc. to) a processing and/or displaying systems that

may be configured to, for example, process images originating from in-vivo imager
412, localization data, and related data. Transceiver 444 may receive (442) the P&O

data from in-vivo device 406.
Workstation 430 may include a display or be functionally connected to an
external display (402). Controller 490 may transfer location and orientation (P&O) data
to workstation 430 for display on, for example, display 402. Workstation 430 may also

display information on selectable and/or alternative sets of electromagnets and their
calculated electrical currents and their total electrical power, and workstation 430 may,
depending on the system's configuration, prompt a user or an operator to manually

activate a set of her/his preference. Alternatively, selection of a set of electromagnets
and currents may be performed automatically, with workstation 430 only displaying the
status of the magnetic system, for example the electromagnets selected for the magnetic

maneuvering and their electrical currents. Controller 490 may also send P&O
information pertaining to a current P&O of in-vivo device 406, to a magnetic field
maneuvering control system (e.g., to controller 340 of Figs. 3A-3B), which may
generate a MMP based on the P&O information it receives from data recorder 408, and,
optionally, P&O data pertaining to a new, or desired, P&O.
Fig. 5 shows a magnetically maneuvering method according to an example

embodiment of the invention. As explained above, controller 340 may be configured to
generate a MMP whose magnetic field aligns an in-vivo device in a first direction, and
a magnetic gradient (force) whose direction is in a second direction that may differ
from the first direction, to thereby change the orientation of the in-vivo device or
change its location altogether. Controller 340 may be configured to calculate or select a
set of electrical currents for the electromagnets, and provide the calculated/selected

currents to the electromagnets in order to obtain (e.g., in order to cause the
electromagnets to generate) the wanted or required MMP, as described below.
Controller 340 may generate the magnetic field and the magnetic gradient to retain a
current location and/or current orientation of the in-vivo device, or to move or rotate the
in-vivo device to a wanted location and/or orientation. Controller 340 may select all
electromagnets to maneuver the in-vivo device, and individually calculate an electrical
current for each electromagnet in order to generate a MMP to maneuver the in-vivo
device to the required/next location and, alternatively or additionally, to rotate it to the
required/next orientation.
At step 510, a magnetic maneuvering controller (e.g., controller 340 of Figs.
3A-3B) may receive P&O information related to the current P&O of an in-vivo device;
e.g., in-vivo device 360 or 406. A MMP may be determined with respect to a spatial

operating region that contains, or that is confined to a limited space that contains the
device. Therefore, the current P&O of the device has to be known before a new MMP

is calculated or determined. At step 520, a new P&O may be determined/set (e.g.,

automatically; e.g., by the controller, or manually by a user) for the device.
At step 530, the controller may calculate a magnetic field and a magnetic force
for maneuvering the device to the next/new location and/or rotate it to the next/new
orientation. There may be cases where navigation accuracy can be compromised. For
example, when the in-vivo device is in the small bowel, small deviations or
inaccuracies in the location and/or orientation of the device may be acceptable or
tolerated, whereas when the device is in the stomach, deviations tolerated in the small

bowel (for example) may not be tolerated in the stomach. Therefore, some
tolerances/margins, with respect to the electrical parameters and magnetic parameters
of the maneuvering system, may be permitted, the permitted tolerances/margins
referred to herein as 'constraints'.
At step 540, the controller may select minimum electrical power as an
optimization objective and a set of (optimization) constraints and, based on them,
determine for the calculated magnetic field and magnetic force (calculated at step 530)
a potential set of electrical currents. Applying the potential set of currents to the
electromagnets may generate magnetic data or particulars (e.g., magnetic field and
magnetic force) that would satisfy the optimization objective (in this example minimum
electrical power) under the constraints associated with the optimization objective.
At step 550 it is determined (e.g., by controller 340) whether the set of potential
electrical currents calculated at step 540 results in electrical power, P, that is less
(lower) than a threshold value, Pmax. If it does (shown as "Yes" at step 550), no other
currents sets are searched for by controller 340, and the controller (e.g., controller 340)
uses, at step 560, the currents set it found at step 540 to generate a corresponding MMP.

However, if the potential set of currents results in electrical power, P, that is greater
(higher) than the threshold value, Pmax (shown as "No-1" at step 550), the controller

may search for another set of currents (per iteration loop 552), at step 540, for example
by changing the optimization objective and/or an optimization constraint . If more than
one set of currents have been found by the controller but none of them satisfies

condition 550 (shown as "No-2" at step 550), the controller may use the currents set
resulting in the minimal electrical power (per branch 554), as shown at step 570.
At step 550 the controller (e.g., controller 340) may execute an optimization
procedure to determine which set of electrical currents, if used/applied, would result,
for example, in a minimal power consumption, or, according to another example, in a
desired magnetic force (e.g., maximum magnetic force, a magnetic force less than the
maximum magnetic force, etc.). Each current of a set of electrical currents is associated
with a specific electromagnet, and selecting an electrical current also means selecting
the associated electromagnet.

The optimization process may be based on, or include use of, formula (1) :

where P is the overall electrical power expected to be consumed by all the

electromagnets selected

for generating the MMP, n is the total number of

electromagnets selected for generating the MMP, Ii is the electrical current of
electromagnet i (where i=l , 2, . . .n), and Ri is the electrical resistance of electromagnet
i.

The set of electromagnets actually used/selected to generate a MMP may be

those for which P is minimal, for example. Nevertheless, in some cases a less optimal
or non-optimal set of electrical currents may be selected, for example in order to obtain
a smoother transition of the maneuvered device from one position/orientation to
another. The selection of electrical currents may be optimized when the number of
linearly independent electromagnets exceeds the number of degrees of freedom (DOFs)
required by or involved in the optimization solution.
Fig. 6 shows a magnetically maneuvering method according to an example

embodiment. At step 610, a specific vector,
elements of

B,F, T

(magnetic field

(B),

Vr e ,

consisting of a combination of

magnetic force ( ) and magnetic torque ( ),

respectively) is formed for a location P and orientation R a magnetically maneuverable
capsule is at. The specific vector

r

is also a function of N electrical currents

respectively flowing in N separate maneuvering electromagnets.
At step 612, a k by N linear 'contribution' matrix, =k, N, is created, where k is
the length of a target vector V and N is the number of maneuvering electromagnets. The

target vector, V, is a vector required to maneuver the capsule to a target or new location
and/or orientation. Each element Mk l of matrix M includes a contribution of an
electrical current of a known value (e.g., lAmpere) in electromagnet #n (n<N) to

element #k of the specific vector V e .
At step 614 a particular (private) solution, I0 , of the equation
calculated (a specific

ΐ

= V e is

e represents a specific combination of B, F, T). The particular

solution to the problem may be found by calculating a pseudo-inverse of matrix M, as
follows:

Ip

= MT MMT )- v

(2)

At step 616 a family (null space, NS) of solutions IN is also calculated by
solving the equation

=1

= 0. Since the system is linear, these solutions can be

combined with the private solution calculated at step 614 in order to obtain all solutions
to the electrical currents. The null space (kernel) of

M (e.g. NS N

N K

satisfying the

expression M NS x = 0 may be found for any [( - e)xi])
by using formula (3):
f

NS = ker(M)

(3)

An electrical current solution that minimizes the required power may be found in the

way specified below.

At step 618, after the private solution and null space solutions are calculated, a
set of electrical currents that results in minimum electrical power is calculated, for

example, by using the "Weighted Least Squares" method. Of all the infinite number of
current solutions IN (depending on the number of degrees of freedom of the equation
set) that solve the equation

=1

= V e f, one solution provides a minimal total electrical

power. (However, this solution may provide a total electrical power, P, which is smaller
or greater than the maximum permissible electrical power, Pmax.) At step 618, this
solution is found by using the weighted least squares algorithm, with the arbitrary
particular (private) solution (I0 ) found at step 614 and the null space found at step 616
used as parameters.
At step 620 an electrical current correction factor

may be calculated for each

linear electrical current I , and, at step 622, the linear electrical currents may all be
scaled down using the electrical current correction factor having the minimal value
m

. Electrical current correction factor, or scale down factor,

m

may be calculated

using formula (4):

A set of electromagnets that provide minimal total power may be found, for
example, by finding x that minimizes the overall power. This mathematical problem
may be a weighted least square problem with a known solution (W = w
weight matrix, where w

= - NST W

:

:

is a diagonal

is the resistance of electromagnet #i):

NS)

~ 1 NS

-W -I

The final solution may take the form of I

nea

(5)

r =

+

S x.

The reason for calculating the correction/scale down factor (and using it, as

described below) is that the electrical current (I) in each of the N electromagnets is not

permitted to exceed a certain maximum value,

Ii m ax

. However, mathematically, an

electromagnet's current calculated for a particular electromagnet may be greater than
permitted for this electromagnet. Therefore, at step 620 a scale-down factor, a , is
calculated for each electromagnet, and a minimum scale-down factor,

m

, may be

selected for scaling down all electrical current of the electromagnets. Scaling down all
the electrical currents by using the same scale-down factor, a , ensures, on the one hand,

that the electrical current actually flowing through/in each electromagnet does not
exceed the maximum current permitted for that coil, and, on the other hand, that all the
directions of the magnetic fields generated by the involved electromagnets, as well as
the spatiotemporal inter relationships between the various magnetic fields, are

maintained. (The magnitude of the resulting force applied to the maneuvered device
may somewhat decreased due to the down-scaling process.)

Referring again to step 622, it is checked whether a m <l. If this condition is
met (e.g., a m <l), it means that an electrical current Ik ( 1 ≤ k < N) calculated for
electromagnet k is greater than the maximum current ^(max. ) permitted for
electromagnet k . If this is the case, all the N calculated linear currents are scaled down
by multiplying them by

m

. Since magnetic characteristics of a magnetic field

linearly depend on the electrical currents and electromagnet(s) that generate them,
down scaling all the electrical currents by using the same scale-down factor results in
maintaining the direction and orientation of the maneuvering magnetic data or
particulars (e.g., magnetic field, magnetic force and magnetic torque), though the
magnitude of the maneuvering particulars are decreased.
At step 624, the electrical currents (or scaled down currents, if the currents are
scaled down) are recalculated in order to compensate them for nonlinearity due to the

effect of iron core of the electromagnets, assuming the selected electromagnets, or at
least some of them, include an iron core. That is, a maneuvering electromagnet may
include an iron core in order to increase the magnetic field, hence the magnetic force,
etc. Since iron cores distort the inherent linear behavior of electromagnets, at this step

the calculated linear currents, Ij, are recalculated (transformed to currents Ij) in order to

compensate for (factor in) non-linearity caused by such cores. If the recalculated

currents meet the other conditions set by the flowchart, they may be used as the actual
currents that power/drive the pertinent electromagnets.

At step 626 the total electrical power, P, is calculated for the related
electromagnets by using the recalculated, or actual, currents (Ii). Then, a power ratio
PR, which is a ratio between the calculated total power P and a maximum permissible

power Pmax, is calculated in order to determine whether the total power calculated for
the related electromagnets meets the power requirement. If the total power meets the

power requirement, the related electromagnets are regarded as qualified or eligible
candidate electromagnets for generating the MMP.
Accordingly, at step 628 it is checked whether PR>1. If this condition is met
(shown as "Yes" at step 628), it means that the actual N electrical currents (I)
calculated at step 624 result in (amount to) a total power P that is smaller than Pmax.;
e.g., in an acceptable total electrical power, in which case the actual N currents (I) can

be used to power up, or derive, the related N electromagnets to generate the

maneuvering magnetic field, or MMP, for which these currents were calculated.
However, if PR<1 (shown as "No" at step 628), it means that the actual electrical
currents calculated at step 624 result in (amount to) a total power P that exceeds the

maximum allowable total power Pmax., for which reason the electrical currents need to
be recalculated (e.g., further scaled down), for example as described below in

connection with step 630.
At step 630 the electrical currents are further scaled down as described below.
Scaling down electrical currents is beneficially performed in the linear space.

Therefore, the actual currents I calculated at step 624 are first converted back from the

non-linear space to currents in the linear space, by using the conversion function
f _ 1 (Ii), and the converted currents are multiplied by a second down-scaling factor
g(PR), where PR<1, in order to further scale down the linear currents. It is noted that at

this stage the original electrical currents (the linear currents calculated at step 618) are

scaled down two times: a first time at step 622 (by using

m

) to ensure that neither of

the electromagnet currents exceeds a maximum current threshold, and a second time at

step 630 (by using g(PR), which is referred to herein as the 'power scale-down factor')

to ensure that the total electrical power, P, of the related electromagnets do not exceed a

maximum power threshold, Pmax. (The smaller g(PR); e.g., the higher the calculated
total power P, the more dominant the effect of the power scale-down factor, g(PR), is.)

At step 632 the updated (the 'second time' scaled down) linear electromagnet
currents calculated by using the power scale-down factor are converted back to (update)
actual currents in a similar way as in step 624, to compensate for the non-linearity

effect of the iron cores of the pertinent electromagnets. (Since different electromagnets
may have iron cores with different electrical/magnetic characteristics, each coil i may

have its own non-linearity compensation, or 'linear-to-actual' current, function f[.)
At step 634 the power ratio (PR) is recalculated in a similar way as in step 626,
only at step 634 the PR is calculated using, or for, the updated actual currents (I )
calculated at step 632. At step 636 it is checked whether the updated PR is greater than
one and less than one plus epsilon. Similarly to step 628, if the updated PR is greater

than one (shown as "Yes" at step 636), it means that the actual N electrical currents (I)

calculated at step 632 result in (amount to) a total power P that satisfies the power
constraint; e.g., that P is smaller than Pmax, hence acceptable. However, another
condition is checked at step 636, which is the condition PR<(l+e) where ε > 0, in
order to ensure that the total power P is not unnecessarily too small. If the updated PR
ratio satisfies both conditions of step 636, the actual N currents (I) can be selected to
power up, or derive, the related N electromagnets to generate the maneuvering
magnetic field, or MMP, for which these currents were calculated. (Epsilon is referred
to herein as the 'iteration convergence factor'.)

If the value of PR is less than or equal to one (shown as "No" at step 636), it
means that the actual electrical currents calculated at step 632 result in (amount to) a
total power P that is still too high (e.g., it still exceeds the maximum allowable total

power Pmax) or it is undesirably equal to the power threshold (Pmax). Therefore, the
electrical currents need to be further scaled down at step 630 by using the power scaledown factor. Steps 630, 632, 634 and 636 may be performed iteratively (the iteration
loop is partly shown at 638) in order to converge the value of PR towards the value one,
and some small positive value (epsilon) is used in order to ensure termination of the

convergence process. Epsilon (the iteration convergence factor) may be selected to be
small enough so that the electromagnets' currents will not be unnecessarily scaled

down too much (and the resulting calculated total electrical power P consequently be
unnecessarily too small), and, on the other hand, the value of epsilon may be selected to
be high enough to ensure termination of the convergence process, hence termination of
the iteration loop 638.

If PR>( l+e) in step 636, this means that the current solution (I) was scaled
down more than required, which is undesirable because the resulting, or consequent,
magnetic force, magnetic torque, magnetic field, etc. would be small with no reason.
Therefore, the electrical currents may be scaled down until PR equals one, within the
permissible iteration convergence factor (ε ).
Fig. 7 shows a magnetically maneuvering method according to an example

embodiment. At step 10, a specific vector, V e f, similar to specific vector V e f of Fig. 6
(at step 610) is formed for (to mathematically represent) a location P and orientation R

a magnetically maneuverable capsule is at, and which is also a function of N electrical
currents respectively flowing in N independent maneuvering electromagnets. (The
specific vector is a vector required to move the capsule from a location a device is at in
a wanted direction and/or to change the orientation of the device to a wanted direction.)
At step 720, a k by N linear contribution matrix similar to the matrix =k, N of
Fig. 6 (at step 612) is created. Then, a particular (private) solution, I , of the equation
=

Vr e f

(a specific vector

r

represents a specific combination of

B , F, T )

and the

null space solutions related to the M matrix are calculated, the result of the calculations

being a set currents that, if used to drive the pertinent of electromagnets, would
generate a MMP that moves the device in the direction and/or rotate it to an orientation
as designated or intended by the specific vector V f . (The electrical currents calculated

at step 720 are referred to as 'linear currents' because these currents are calculated (the

currents solution is found) by using a set of linear equations.)

At step 730 it is checked whether any of the linear currents calculated/found at
step 720 exceeds a respective maximum current threshold (Imax) (Since the spatial

positions of the electromagnets vary and electromagnets may have different
electrical/magnetic/physical properties, each electromagnet may have associated with it
a different maximum permissible electrical current.) If the maneuvering electromagnets
are coreless ('core-free'), the linear currents themselves may be used to activate/drive

the maneuvering electromagnets. However, as explained above, if one or more

electromagnets include a core, the pertinent linear currents may need to be compensated
for a non-linearity artifact that is induced by the core. (Assume that at least some of the
electromagnets include an iron core.)
If none of the linear currents exceeds its respective maximum current threshold
(shown as "No" at step 730), the linear currents are compensated, at step 740, for a nonlinearity effect caused by the respective iron core. (Compensating linear currents for
non-linearity effect of the related iron cores result in electrical currents that are referred
to herein as 'actual currents'.) However, if at least one of the linear currents found at

step 720 exceeds its respective maximum current threshold (shown as "Yes" at step
730), then, at step 750, all the linear currents are scaled down (reduced proportionally),

or normalized, by using a same current scaled down factor (CSDF), a, before
compensation for a non-linearity effects is performed. CSDF a may be calculated, for
example, in the way described in connection with step 620 of Fig. 6. Since the linear

currents are calculated by using a system of linear equations, scaling down the currents

by using the same CSDF maintains linearity of the currents solution, hence of the
magnetic properties of the maneuvering magnetic field, or MMP, though the
magnitude/strength of the magnetic field (hence the magnetic force and torque) is
reduced.

At step 760 the total electrical power, P, of the electromagnets is calculated
using the electrical currents calculated at step 740, and at step 770, it is checked
whether the total electrical power (P) of the electromagnets is smaller than a
predetermined maximum power (Pmax) permitted for the maneuvering system. If it is
determined that P is smaller than Pmax (shown at "Yes" at step 770), the electrical

currents calculated at step 740 are both regarded as current-wise and power-wise
eligible for driving the electromagnets. That is, the electrical current solution found at
step 740 provides a set of electrical currents that do not exceed their respective

maximum values, and the maneuvering system's power is able to provide the required
electrical power. However, if it is determined that P is equal to or greater than Pmax
(shown at "No" at step 770), this means that the currents, even though they meet the
currents constraints, still result in impermissible total power. Therefore, the electrical
currents involved are further scaled down at step 790, this time by using a power scale
down factor (PSDF),

g.

A prerequisite to maintaining linearity of the currents solution

after implication of the PSDF is to, first, convert the actual currents found at step 740

back to linear currents, and, then, to scale down the linear currents further using the
PSDF

(g).

Then, the scaled down linear currents calculated at step 790 are

compensated, at step 740, for non-linearity effects. The PSDF

(g)

may be a function of

a ratio between Pmax and the actual/total power, P, resulting from the calculated
electrical currents, for example, as shown at step 626 and 630 of Fig. 6. The steps 740,
760, 770 and 790 may be iterated, and iteration loop 792 may be terminated when

P<Pmax.
Fig. 8 shows a magnetically maneuvering method according to another example

embodiment. The method may be used to magnetically maneuver an in-vivo device in a
GI tract of a subject, by using a magnetic system comprising N electromagnets for

generating a maneuvering magnetic field pattern (MMP) for moving the in-vivo device
from a location in the GI tract of a subject to another location, or for changing an
orientation of the in-vivo device.
At step 8 10, a controller controlling the magnetic system may calculate a
maneuvering vector

Vr e )

including a combination of magnetic field data or particulars

of a desired or wanted MMP to be generated by a set of m (m<N) electrical currents
respectively passing through/in the m electromagnets.
At step 820, the controller may calculate values of an initial set of m linear
electrical currents (I) that comply with the maneuvering vector (V e f) and result in
minimal total electrical power (Pm). At step 830, the controller may scale down the

initial m linear electrical currents (I) by multiplying them by an electrical current
correction factor a (0 < a < 1). For example, the controller may calculate an electrical
current correction factor a for each linear electrical current, and scale down the linear
electrical currents using the electrical current correction factor a having the minimal
value (e.g.,

min ).

At step 840, the controller may compensate the m scaled down linear electrical
currents (I) for non-linearity artifacts to obtain a set of m actual electrical currents (I),
and, at step 850, the controller may calculate a total electrical power (P) resulting from

the m actual electrical currents (/). If, at step 860, the controller determines that the

total electrical power (P) is lower than a maximum power (Pmax) threshold (shown as

"Yes" at step 860), the controller may, at step 862, generate the maneuvering magnetic
pattern (MMP) by using the m actual electrical currents (I). However, if the controller
determines that the total electrical power (P) is equal to or greater than the maximum
power threshold (shown as "No" at step 860), the controller may (i) convert the m
actual electrical currents (I) into m linear electrical currents, as shown at step 870, (ii)
scale down the m linear electrical currents (I) by multiplying the m linear electrical

currents ( ) by a power correction factor g (0 < g < 1), as shown at step 880, and
iteratively perform iteration loop 890 until the total electrical power (P) resulting from
the m actual electrical currents is lower than the maximum power (Pmax) threshold. By

converting actual currents to linear currents in preparation for the scaling down process
the scaling down process scales down the MMP proportionally while maintaining the

original directions of the magnetic field, magnetic force and magnetic torque.
Fig. 9 shows magnetically maneuvering method according to still another

example embodiment. At step 910, the current P&O (and optionally the velocity) of a
device (e.g., an in-vivo device) are detected, for example by using any off the shelf
localization (and, if relevant, velocity) detecting systems suitable for determining the
location, orientation (and velocity) of an in-vivo device in the GI tract. At step 920, a

magnetic force (F) required (therefore wanted in order) to move the device from its
current location in a wanted direction (e.g., 'forward' direction) is calculated. (By

'forward direction' is meant herein in a direction of a longitudinal, or lengthwise, axis
of the device.)
At step 930, a magnetic force optimization problem is defined for the device
based on the current P&O of the device (and, if desired, velocity). According to some
embodiments, the magnetic force (F) calculated at step 920 may depend on (be a
function of) a current part or region or location in the GI tract the device is at, and,
optionally, on the velocity of the device at that GI part/region. For example, the
wanted/required force (F) may change depending on whether the device is in the
stomach, in the small bowel, or in the colon, and/or whether the device stands still (e.g.,
stuck), moves too slow, or moves as expected or as required. For example, if the in-

vivo device is, for example, an imaging device, then the orientation (e.g., viewing
direction) of the device in the stomach may be a more important factor then the
magnetic force applied to the device, while in the small bowel the magnetic force that
moves the device may be a more important factor than the orientation of the device.
According to another example, it may be required to maintain the device's velocity
regardless of the location of the device in the GI tract, but the magnetic force moving
the device may change according to the location of the device. The optimization

problem may, therefore, be defined according to the required magnetic force (F), or
according to a maximum permissible electrical power (P) that the involved
electromagnets are designed to operate with.
Accordingly, at step 940, a set of constraint values are set, selected, defined,
calculated or otherwise determined for the optimization problem, taking into account
the considerations described above (e.g., P&O information). At step 950, coefficients of

a matrix (M) are calculated in order to solve the optimization problem. The
optimization problem may be solved using the constraints determined at step 940 for
the required magnetic field (B) and magnetic force (F).

At step 960 the magnetic force (F) calculated at step 920 for moving the device
forward may be used to solve the force optimization problem. The solution to the force
optimization problem is a first set of electrical currents that jointly generate the

magnetic field gradient required to produce the magnetic force (F) calculated at step
920.

At step 970 it is checked whether there is a need to solve a minimum electrical
power problem. If, for example, the magnetic force to be applied to the device is
relatively small, there is no need to solve a minimum electrical power problem because
minimum electrical power, in such cases, is not an issue. However, if the magnetic
force to be applied to the device is relatively high (e.g., it is greater than some force

threshold value), then there is room for solving a minimum electrical power problem.
Accordingly, if there is no need to solve a minimum power problem (shown as "No" at
step 970), the first set of currents calculated at step 960 is used, at step 992, to drive the

electromagnets. However, if there is a need to solve a minimum power problem (shown
as "Yes" at step 970), force constraints with minimum value between attainable force

and desired force is set, at step 980, and, at step 990 the "minimum power" problem is

solved in order to obtain a second set of currents, then, at step 992, the second set of
currents is used to drive the electromagnets.
According to some embodiments a method for moving an in-vivo device in vivo
(e.g., device 360 of Fig. 3A, or device 406 of Fig. 4) may include receiving, by a

magnetic maneuvering system operating/driving electromagnets, a first set of magnetic
field data (or first data), which may represent a first set of magnetic field particulars,
that may be calculated from data that represents a location and orientation of an in-vivo
device. (The magnetic maneuvering system may be similar to, include or function like,
for example, system 100 of Fig.

1,

system 205 of Fig. 2, system 310 of Fig. 3A and

system 310' of Fig. 3B.) The method may additionally include selecting, based on the
location and orientation of the in-vivo device, one or more optimization objectives from
a group consisting of: (i) a minimum difference between a value, or values, of a second
set of magnetic field data (or second data), which may represent a second set of

magnetic field particulars, and respective value, or values, of the first magnetic field
data, and (ii) a minimum electrical power for, or to be consumed by, the

electromagnets. The method may additionally include selecting a set of constraints that
may be associated with or derived from a selected optimization objective (one or more

optimization objectives may be selected) and the first set of magnetic field particulars.
The method may additionally include calculating or selecting a set of electrical currents
such that the second magnetic field particulars, when generated by providing the

calculated or selected set of electrical currents to the electromagnets to form/create a
magnetic maneuvering pattern to maneuver the device, satisfy the selected optimization

objective(s), and the selected set of constraints is complied with.
Although embodiments of the invention are not limited in this regard,
discussions utilizing terms such as, for example, "computing", "calculating"
"determining", "analyzing" or the like, may refer to operation(s) and/or process(es) of a
computer, a computing system or other electronic computing device, that manipulates
and/or transforms data represented as physical (e.g., electronic) quantities within the

computer's registers and/or memories into other data similarly represented as physical
quantities within the computer's registers and/or memories or other information nontransitory storage medium that may store instructions to perform operations and/or
processes. Unless explicitly stated, the method embodiments described herein are not

constrained to a particular order or sequence of steps, operations or procedures.
Additionally, some of the described method embodiments or elements thereof can
occur or be performed at the same point in time.
The articles "a" and "an" are used herein to refer to one or to more than one
(e.g., to at least one) of the grammatical object of the article, depending on the context.

By way of example, depending on the context, "an element" can mean one element or
more than one element. The term "including" is used herein to mean, and is used

interchangeably with, the phrase "including but not limited to". The terms "or" and
"and" are used herein to mean, and are used interchangeably with, the term "and/or,"
unless context clearly indicates otherwise. The term "such as" is used herein to mean,
and is used interchangeably, with the phrase "such as but not limited to".

Different embodiments are disclosed herein. Features of certain embodiments
may be combined with features of other embodiments; thus certain embodiments may

be combinations of features of other or multiple embodiments. Embodiments of the

invention may include an article such as a computer or processor non-transitory storage

medium, such as for example a memory, a disk drive, or a USB flash memory,
encoding, including or storing instructions, e.g., computer-executable instructions,

which when executed by a processor or controller, carry out methods disclosed herein.
Some embodiments may be provided in a computer program product that may include a

non-transitory machine-readable medium, having stored thereon instructions, which
may be used to program a computer, or other programmable devices, to perform

methods as disclosed above. Having thus described exemplary embodiments of the

invention, it will be apparent to those skilled in the art that modifications of the
disclosed embodiments will be within the scope of the invention. Alternative
embodiments may, accordingly, include more modules, fewer modules and/or
functionally equivalent modules. The present disclosure is relevant to various
maneuvering systems, and to various optimization techniques. Hence the scope of the
claims that follow is not limited by the disclosure herein.

CLAIMS

A method for moving an in-vivo device in vivo, comprising:
in a magnetic system comprising a number N of electromagnets for

generating a maneuvering magnetic field pattern to move a device in vivo,
(a) receiving data representative of a first set of magnetic field particulars

calculated based on data representing a location and orientation of the in-vivo
device;
(b) selecting, based on the location and orientation,

(b. l ) one or more optimization objectives from:
(i)

a minimum difference between a value or values of a second set of
magnetic field particulars to be generated by the N electromagnets
and respective value or values of the first magnetic field particulars,
and

(ii) a minimum electrical power to be consumed by the electromagnets,

and

(b.2) a set of constraints associated with or derived from a selected
optimization objective and the first set of magnetic field particulars; and
(c) providing to the N electromagnets a set of electrical currents such that the

second magnetic

field particulars

satisfy the

selected

optimization

objective(s), and the selected set of constraints is complied with.

The method as in claim 1, wherein selecting a set of constraints comprises

selecting one or more constraints from a group consisting of:
(a) a permissible value, or range, of the magnetic field (B);

(b) a permissible value, or range, of the magnetic force (F);
(c) a permissible value, or range, of the magnetic torque (T);

(d) a permissible value, or range, of a direction (a) of the magnetic field;
(e) a permissible value, or range, of a direction ( ) of the magnetic force; and
(f) a permissible value or range of a ratio (R) between the magnetic field (B)

and the magnetic force (F).

3.

The method as in claim

1,

wherein the location and orientation data comprises

data representing a new location and orientation the in-vivo device is maneuvered
to.

4.

The method as in claim 1, wherein the data representing the location and

orientation of the in-vivo device comprises data representing a current location
and a current orientation of the in-vivo device.

5.

The method as in claim 4, comprising calculating the first set of magnetic field

particulars based on (i) the current location and orientation of the in-vivo device,
or (ii) a new location and orientation of the in-vivo device, or (iii) both the
current and new locations and orientations of the in-vivo device.

6.

The method as in claim 1, wherein each of the first and second sets of magnetic

field particulars comprises a magnetic field, a magnetic force and a magnetic
torque.

7.

The method as in claim 6, wherein a value of the magnetic force depends on a

factor selected from a group of factors consisting of: a location of the device in
the gastrointestinal system and the velocity of the device in the gastrointestinal
system.

8.

The method as in claim 6, wherein a magnetic force applied to the in-vivo device
is identical to a calculated magnetic force.

9.

The method as in claim 6, wherein the magnetic force applied to the in-vivo

device is not identical to the calculated magnetic force.
10.

The method as in claim 6, wherein a magnetic force applied to the in-vivo device
is selected from a group consisting of: (i) a maximum magnetic force (Fma ) and

(ii) a magnetic force which is less than the maximum magnetic force.

11. The method as in claim 6, comprising solving a force optimization problem for a
calculated magnetic force to obtain a first set of electrical currents for the
electromagnets.

12.

The method as in claim 11, further comprising solving a minimum electrical

power optimization problem to obtain a second set of electrical currents that can
potentially drive the electromagnets.
13.

The method as in claim 12, comprising deciding to solve, or to refrain from
solving, the minimum electrical power optimization problem depending on: (i) a

region of the gastrointestinal tract the in-vivo device is at, or (ii) the magnitude of
the magnetic force required to move the in-vivo device.
14.

The method as in claim 12, comprising providing to the electromagnets the first

set of electrical currents when no minimum electrical power optimization

problem is to be solved, and the second set of electrical currents when the
minimum electrical power optimization problem is solved.
15.

The method as in claim 1, wherein calculating the electrical currents comprises:
(a) calculating a maneuvering vector (V e f) including a combination of magnetic

field particulars of the maneuvering magnetic field pattern;
(b) calculating an initial set of N linear electrical currents (I) that complies with

the maneuvering vector (V e f) and results in minimal total electrical power
(P min

(c) scaling down the initial N linear electrical currents (I) by multiplying the

initial N linear electrical currents (I) by an electrical current correction factor

a;
(d) compensating the N scaled down linear electrical currents (I) for non-

linearity artifacts to obtain a set of N compensated electrical currents (I);

(e) if a total electrical power (Pt) resulting from the N compensated electrical

currents (I) is equal to or greater than the maximum power threshold

(P max )

performing,
(i) converting the N compensated electrical currents (I) into N linear

electrical currents;
(ii) multiplying the N linear electrical currents (I) obtained at step (f)(i) by

a power correction factor g (0 <

g <

1), and

(iii) repeating steps (i) and (ii) iteratively until the total electrical power
(Pt) resulting from the N compensated electrical currents is less than

the maximum power

(P max )

(f) generating the maneuvering

threshold; and

magnetic field pattern using the N

compensated electrical currents (I) for which the resulting total electrical is
less than the maximum power threshold

16.

(P m ax)-

The method as in claim 15, wherein the value of the electrical current correction

factor a is less than one when any current of the initial set of N linear electrical
currents (I) exceeds a predetermined respective maximum threshold value.

17. The method as in claim 15, comprising (i) calculating an electrical current

correction factor a for each linear electrical current and (ii) scaling down the N
linear electrical currents using the electrical current correction factor a having the
minimal value.
18.

A method for moving an in-vivo device in vivo, comprising:
receiving a first set of magnetic field data calculated from data representing a
location and orientation of an in-vivo device;
selecting, based on the location and orientation of the in-vivo device, one or

more optimization objectives from a group consisting of: (i) a minimum
difference between values of a second set of magnetic field data and values of the

first magnetic field data, and (ii) a minimum electrical power for a set of
electromagnets;
selecting a set of constraints associated with an optimization objective and
the first set of magnetic field data; and

providing, to the electromagnets, electrical currents such that the second
magnetic field data satisfies the optimization objective(s), and the selected set of
constraints is complied with.
19.

The method as in claim 18, comprising providing to the electromagnets a first set

of electrical currents when the minimum electrical power optimization objective
is not selected, and a second set of electrical currents when the minimum

electrical power optimization objective is selected.

A magnetic system for maneuvering an in-vivo device in a gastrointestinal tract,
comprising:

a number N of electromagnets positioned circularly and forming a plane;
and
an optimization unit to control the electrical currents of the N

electromagnets, the optimization unit configured to,
receive data representative of a first set of magnetic field particulars
calculated based on data representing a location and orientation of the in-vivo
device;
select, based on the location and orientation,

one or more optimization objectives from:

a minimum difference between a value or values of a second set

(i)

of magnetic field particulars to be generated by the N
electromagnets and respective value or values of the first
magnetic field particulars, and
(ii) a minimum electrical power to be consumed by the electromagnets,

and

select a set of constraints associated with or derived from a selected

optimization objective and the first set of magnetic field particulars; and
provide to the N electromagnets a set of electrical currents such that the
second magnetic

field particulars

satisfy the

selected optimization

objective(s), and the selected set of constraints is complied with.

21.

The system as in claim 20, wherein the optimization unit is configured to solve,

for a given magnetic force, a magnetic force optimization problem to obtain a
first set of electrical currents for the N electromagnets, and to solve a minimum
electrical power optimization problem to obtain a second set of electrical currents
for the N electromagnets.

22.

The system as in claim 21, wherein the optimization unit is configured to provide
to the electromagnets the first set of electrical currents when no minimum

electrical power optimization problem is to be solved and the second set of
electrical currents when the minimum electrical power optimization problem is
solved.

The system as in claim 22, wherein the optimization unit is configured to solve, or
to refrain from solving, the minimum electrical power optimization problem

based on a decision depending on any of: (i) a region of the gastrointestinal tract
the in-vivo device is in and (ii) a magnitude of the magnetic force required to

move the in-vivo device.
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