(19 DANMARK (10 DK/EP 4389986 T3

(12) Oversaettelse af
europaeisk patentskrift

Patent- og
Varemeerkestyrelsen

(51) Int.CI.: E 02 F 3/43(2006.01)
(45) Overseettelsen bekendtgjort den: 2025-05-26

(80) Dato for Den Europaciske Patentmyndigheds
bekendtgerelse om meddelelse af patentet: 2025-04-16

(86) Europeeisk ansggning nr.: 22215077.3
(86) Europaeisk indleveringsdag: 2022-12-20
(87) Den europeaeiske ansggnings publiceringsdag: 2024-06-26

(84) Designerede stater: AL AT BE BG CH CY CZ DE DK EE ES FI FR GB GR HR HU IE IS IT LI LT LU LV
MC ME MK MT NL NO PL PT RO RS SE SI SK SM TR

(73) Patenthaver: LEICA GEOSYSTEMS TECHNOLOGY A/S, Telehgjen 8, 5220 Odense SO, Danmark

(72) Opfinder: KEAN, Michael Goulet, 5220 Odense SO, Danmark
KANAAN, Adnan, 5700 Svendborg, Danmark
Costello, Sean, , 9450 Altstidtten, Schweiz
KAUPPINEN, Tommi Juhani, 5000 Odense C, Danmark

(74) Fuldmaegtig i Danmark: Patrade A/S, Ceresbyen 75, 6., 8000 Arhus C, Danmark
54) Benaevnelse: STYRING AF EN UDGRAVNINGSOPERATION BASERET PA LASTREGISTRERING
(56) Fremdragne publikationer:

WO-A1-2005/103396

CN-A- 108 999 228
US-B1- 11 346 086



DK/EP 4389986 T3



DK/EP 4389986 T3

DESCRIPTION

Description

[0001] The present invention relates to automation and/or operator assistance in an
excavation operation to obtain a design surface.

[0002] Excavation operations often have to be carried out efficiently, but also precisely. Poorly
executed excavation, e.g. violating the design surface by digging into/below it, can lead to
increased material costs and delayed work processes. Precisely digging / clearing a design
surface often requires a skilled operator of the excavator, able to simultaneously provide a
variety of input commands to move the end effector. Required input commands may change
for different situations defined by the excavator position, the excavator orientation, and the
geometry of the design surface. Thus, the operator has to adapt to different geometries and
orientations of the excavator and the end effector.

[0003] Excavators are often equipped with automation and assistance systems configured to
assist the operator in order to generate a finished surface. By way of example, such assistance
systems are configured to restrict or remap input commands for moving the end effector as a
function of the geometry of the design surface (and the excavator positioning). For example,
the assistance system may be configured to enforce parallel movements of the end effector
relative to the ground or relative to the design surface.

[0004] Often the use of the assistance system is limited to operating very near to a design
surface, such that the operator is only assisted during the final pass. Gross excavation to
remove the material above grade has to be executed manually, which, for example, could still
provoke digging into/below the design surface. For example, this is because existing systems
often operate in a so-called kinematic capacity, wherein the operation is based on the position
and trajectory of the end effector. A purely-kinematic assistance system cannot account for
material interaction, which largely dictates the required motion during gross excavation.

[0005] In an operation like trenching, an automation and assistance system requiring the
operator to perform gross excavation manually, may not be the ideal workflow as the system is
inactive for the majority of the excavation.

[0006] Alternative automated digging strategies are based on scanning the surface of the soil
and planning a digging pass by using the rated volume of the bucket, the soil surface profile,
and algorithmically determined metrics for generating a path that sweeps a desired volume of
material.

[0007] Reference is made to WO2005/103396 A1 which relates to a method of estimating
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parameters of a medium to be moved by a digging apparatus, to a computer program product,
to a digging apparatus and to a method of excavating a site.

[0008] These methods suffer from reduced bucket fill when loads get sufficiently large that the
planned path cannot be followed. Because of this, these approaches are unable to provide
bucket fill that is consistent with what an experienced operator could achieve.

[0009] It is therefore an object of the present invention to provide improved excavation to a
design surface.

[0010] A further object is to provide a more efficient excavation while reducing the amount of
faulty excavation steps.

[0011] A further object is to provide easier control of an excavator, e.g. such that pressure on
an excavator operator and/or the skill level of an excavator operator can be reduced.

[0012] These objects are achieved by the realization of at least part of the characterizing
features of the independent claims. Features which further develop the invention in an
alternative or advantageous manner are described in some of the other features of the
independent claims and in the dependent claims.

[0013] The invention relates to a method for controlling an excavation operation by an
excavator to obtain a design surface. The method comprises accessing design data providing
shape and location information of the design surface and accessing control commands for
maneuvering an end effector, e.g. a bucket, of the excavator. The method further comprises
accessing resistance data indicative of a resistance exerted against the end effector when it
engages material to be moved by the excavator. For example, the resistance is caused by the
material to be moved against the end effector when the end effector presses against the
material to be moved and/or the resistance is caused by adhesive resistance from the material
as the end effector is moved through the material to be moved.

[0014] A first conversion rule is provided, configured to map the control commands to
movement commands for the end effector, which cause the end effector to move according to
a target path derived from the design surface. For example, the target path runs at least in
sections parallel to the design surface. A second conversion rule is provided, configured to
map the control commands to movement commands for the end effector as a function of the
resistance data and a digging efficiency criterion, e.g. a criterion for assessing a time evolution
of the resistance data. The second conversion rule is different from the first conversion rule
and allows to move the end effector independently from the target path, wherein the method
further comprises transitioning from the first conversion rule to the second conversion rule as a
function of the resistance data.

[0015] In other words, one aspect of the invention relates to providing an automation and
assistance system over a larger operating envelope. For example, thanks to the inclusion of
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resistance data, e.g. of a load sensing mechanism as described below, an operator is provided
with the option to leverage the automation system during nearly the entirety of a trenching
operation.

[0016] By way of example, the resistance data provide information on forces exerted on the
end effector and the directions in which the forces act in relation to at least two, e.g. three,
different directions. Alternatively or in addition, the resistance data provide information on a
moment exerted on the end effector, which is caused by the end effector pressing onto the
material to be moved and/or by the end effector moving through the material to be moved.

[0017] For example, the resistance data provide for a sensing or predicting of a load being
applied on the end effector due to a digging interaction between the end effector and the soil.
This is distinct from a payload weighing system of the prior art, which, for example, calculates
the weight of material in the excavator bucket. For example, existing payload weighing systems
use the pressure in the boom cylinders to calculate the moment about the pin joint between the
boom and the chassis, estimate and correct for a moment due to cylinder drag, and then
calculate the necessary bucket load to generate the moment. In contrast, resistance data
provide for measuring the loading conditions on the end effector during digging, which may
include forces and moments in three directions. These digging loads are highly dynamic and
cannot be calculated in a straight forward and sufficiently accurate manner using the same
methods as a basic payload weighing system.

[0018] The resistance will depend on a speed of the end effector, e.g. wherein faster speeds
will increase the resistance. Therefore, in one embodiment the transitioning from the first
conversion rule to the second conversion rule further depends on a speed parameter indicative
of a speed of the end effector.

[0019] The combination of speed and path is often referred to as "trajectory”. In a further
embodiment, the first and/or the second conversion rule includes a control of a speed of the
end effector as a function of the resistance data. By way of example, according to the first
conversion rule, the speed at which the end effector is moved along the target path is
controlled as a function of the resistance data. Similarly, according to the second conversion
rule, the speed at which the end effector is moved along a defined spatial direction is controlled
as a function of the resistance data. For example, the end effector may be controlled to dig
more slowly in very tough material. Alternatively or in addition, a speed requested on the basis
of the control commands by the operator is limited, such that the resistance stays below a
threshold resistance.

[0020] In a further embodiment, the transitioning is carried out based on a threshold criterion
for a resistance force and/or a resistance moment being exerted on the end effector when it
engages material to be moved by the excavator. For example, the threshold criterion is
associated with providing a defined accuracy for following the target path by the end effector
according to the first conversion rule. Alternatively or in addition, the threshold criterion is
associated with providing a limit on an allowable force acting on a joint of an excavator
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component that provides movement of the end effector. By way of example, the threshold
criterion limits forces applied to the boom, joints, or implements, thus reducing wear and tear
and increasing lifespan of the equipment and preventing break downs.

[0021] In a further embodiment, the method comprises a stopping of the second conversion
rule on the basis of a user command and/or as a function of the resistance data, thereby
releasing an original assignment of the control commands into movement commands for the
end effector. For example, this allows a seamless transition from a controlled end effector
movement into full freedom of movement, e.g. at the end of the pass.

[0022] By way of example, before releasing the original assignment of the control commands
the operator has to manually operate the boom and bucket in a way to ensure that material
falls into the bucket and is lifted clear of the excavation. Alternatively, an automated system
may be provided such that in further step, an (e.g. automated) orienting of the end effector into
a defined (safe) hold orientation before the releasing of the original assignment of the control
commands is carried out.

[0023] In a further embodiment, the stopping of the second conversion rule is initiated by the
control commands indicating a defined curl movement of the end effector. Alternatively or in
addition, the stopping of the second conversion rule is initiated by recognizing that the
resistance data indicate that the end effector is lifted out of material to be moved by the
excavator. For example, a lifting out of the material to be moved is indicated by a sudden drop
of a resistance force exerted on the end effector. The stopping may also be initiated by a
history of the resistance data of a current pass of the end effector and a pass termination
criterion, which provides indication as a function of the history of the resistance data that the
current pass has reached a defined progress. Another option is an initiation by a further
threshold criterion for a resistance force and/or a resistance moment being exerted on the end
effector when it engages material to be moved, e.g. wherein the further threshold criterion
indicates that a load has grown too large for the excavator to sustain forward motion.

[0024] While the first conversion rule enforces a following of a defined target path by the end
effector, the second conversion rule provides more freedom to move the end effector.
However, the second conversion rule still enforces some automation or coordination of the
movement of the end effector to ensure digging according to the digging efficiency criterion.

[0025] By way of example, the digging efficiency criterion provides at least one of: maximizing
power applied by a cut region of the end effector onto material to be moved by the excavator;
minimizing path deviation of a path of the end effector; minimizing a resistance force exerted
onto the end effector in a defined direction; minimizing a resistance moment exerted onto the
end effector; maintaining a target resistance force and/or a target resistance moment exerted
on the end effector; and maintaining an orientation of the end effector such that the material to
be moved is cut by teeth of the end effector.

[0026] In a further embodiment, the target path is sequentially changed according to the first
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conversion rule, thereby providing a sequence of target paths to be excavated one after the
other. The sequence is derived from the design surface and incrementally approaches the
design surface. For example, each of the different target paths runs at least in sections parallel
to the design surface. In other words, the target paths are processed one after the other,
wherein a following by the end effector of a target path further downstream of the sequence
requires that the end effector completes following of the immediately preceding target path.

[0027] In a further embodiment, the method comprises a determining of the target path as a
path parallel to the design surface at a current penetration depth of the end effector into the
material to be moved and a triggering of the first conversion rule when the control commands
indicate a movement of the end effector parallel to the design surface.

[0028] By way of example, an advantage of load based digging is that it allows to smoothly /
automatically handle the question of "How deep a cut can | take?" rather than letting an
operator guess how deep a cut can be made, which, for example, often leads to either stalling
or cutting too shallow. The inventive method thus allows the operator to engage the machine in
the cut, wherein the engagement triggers an automatic generation of a target path parallel to
the design surface at the current bucket depth.

[0029] Alternatively or in addition, the method may include a monitoring of the load data and
an automatic detection when the end effector is suitably engaged in the soil. This could then be
used to trigger generation of a target path parallel to the design surface at the current depth,
and transitioning from manual to automatic control is triggered upon determining that the end
effector is suitably engaged in the soil.

[0030] In a further embodiment, the method comprises a determining of the target path as a
path parallel to the design surface at a current penetration depth of the end effector into the
material to be moved and a triggering of the first conversion rule based on a monitoring of the
resistance data and an engagement criterion as a function of the resistance data.

[0031] In a further embodiment, according to the first conversion rule the target path lies in the
design surface. In case the design surface intersects a material surface of material to be
moved by the excavator, an excavation pass is started by activating the first conversion rule,
such that first contact of the end effector with the material to be moved is provided at a point
on the design surface.

[0032] The invention further relates to a system for controlling an excavation operation by an
end effector of an excavator to obtain a design surface. The system is configured to carry out
the method described above, for which it comprises a computing unit configured: to access the
design data and the control commands of the steps of accessing design data and control
commands as described above; to access the resistance data of the step of accessing
resistance data as described above; to provide the first and the second conversion rule
according to the steps of providing the first conversion rule and providing the second
conversion rule as described above; and to evaluate the resistance data to provide the
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transitioning according to the above described step of transitioning from the first conversion
rule to the second conversion rule.

[0033] In one embodiment, the system further comprises a sensor unit configured to be
mounted on an excavator and - in a state mounted to the excavator - to provide the resistance
data. By way of example, the sensor unit is configured to provide a vector measurement of a
force exerted on the end effector, wherein the vector measurement is provided with respect to
at least two, e.g. three, different directions.

[0034] For example, the sensor unit comprises multiple distributed sensors such as IMUs and
pressure sensors, and a sophisticated algorithm processing the sensor data to yield estimates
on a force and/or moment applied on the end effector caused by the end effector contacting
(e.g. pressing onto) the material to be moved.

[0035] In a further embodiment, the system comprises a perception sensor configured to
generate perception data, e.g. in 3D, wherein the system is configured to use the perception
data to evaluate whether the design surface intersects a material surface of material to be
moved by the excavator. Thus, for example, the system is configured to provide a starting
point of an excavation pass such that it is ensured that first contact of the end effector with the
material to be moved is provided at a point on the design surface, e.g. to execute the method
according to the above-described embodiment, wherein the target path lies in the design
surface.

[0036] The invention further relates to a computer program product comprising program code
which is stored on a machine-readable medium, or being embodied by an electromagnetic
wave comprising a program code segment, and has computer-executable instructions for
performing, in particular when run on a computing unit of a system described above: accessing
the design data and the control commands of the steps of accessing design data and control
commands as described above; accessing the resistance data of the step of accessing
resistance data as described above; providing the first and the second conversion rule
according to the steps of providing the first conversion rule and providing the second
conversion rule as described above; and evaluating the resistance data to provide the
transitioning according to the step of transitioning from the first conversion rule to the second
conversion rule as described above.

[0037] In particular, the program code comprises computer-executable instructions for
performing any step in the method as described above.

[0038] The method, system, and computer program product according to the different aspects
of the invention are described or explained in more detail below, purely by way of example,
with reference to working examples shown schematically in the drawing. Identical elements are
labelled with the same reference numerals in the figures. The described embodiments are
generally not shown true to scale and they are also not to be interpreted as limiting the
invention. Specifically,
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Fig. 1:
an exemplary embodiment of an excavator, which can be embodied or upgraded to work
according to the inventive method;

Fig. 2:
exemplary forces captured by the resistance data when the bucket engages with the
soil;

Fig. 3:
schematically depicts an exemplary semi-automatic workflow according to a first
embodiment of the inventive method;

Fig. 4:
schematically depicts a second embodiment of the inventive method providing for
incrementally digging parallel to the design surface;

Fig. 5:
schematically depicts a third embodiment of the inventive method providing for
incrementally advancing of the desired design surface;

Fig. 6:
schematically depicts a fourth embodiment of the inventive method providing for
incrementally advancing of the desired design surface.

[0039] Figure 1 shows an exemplary embodiment of an excavator 1, which can be embodied
or upgraded to work according to the method described above. A computing unit mounted on
the excavator 1 has access to a sensor unit configured to provide resistance data indicative of
a resistance force exerted on the bucket 2 of the excavator when engaging with material to be
moved by the excavator.

[0040] The system may further comprise a perception sensor configured to generate
perception data, wherein mounting locations 3A, 3B for the perception sensor may be
somewhere on the boom 4 of the excavator and/or on the cabin 5. The data recorded by the
perception unit are used to evaluate whether the design surface intersects a material surface
of the soil. For example, in an embodiment the perception unit comprises at least one camera.
In another embodiment, the perception unit comprises a 3D coordinate measuring device, e.g.
embodied as a laser scanner.

[0041] By way of example, the sensor unit provides kinematic information for different parts of
the excavator and information regarding the effects of (e.g. external) forces acting on different
parts of the bucket 2 when interacting with the soil, e.g. provided by a torque or force sensor
monitoring a bucket joint.

[0042] The first and the second conversion rules map control commands for moving parts of
the excavator, e.g. a boom 4, a stick 6, a rotating cabin 5, and a bucket joint 7, to specific
movements that ensure movement of the bucket according to the first and the second
conversion rule, respectively.
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[0043] Figure 2 exemplarily indicates possible forces and moments captured by the resistance
data when the bucket 2 engages with the soil 8, e.g. a load acting on the bucket 2 from the soil
8 in the x-direction, a load acting on the bucket 2 from the soil 8 in the y-direction, and a
moment 9 (acting on the bucket in the z direction, perpendicular to x and y).

[0044] Figure 3 schematically depicts an exemplary semi-automatic workflow according to a
first embodiment of the inventive method. In a penetration phase 10, the operator brings the
blade 11 of the bucket 2 to the desired depth with the desired attack angle, then initiates semi-
automatic digging by pulling in the stick only. In a scraping phase 12, the operator pulls the
stick joystick, wherein the bucket trajectory is automatically controlled by the first conversion
rule to follow a horizontal path with maximum digging efficiency, e.g. defined as speed times
force equals target digging power. In an exit phase 13 implementing the second conversion
rule, the operator raises the boom, curls the bucket, and is given back control of the stick
according to the original assignment of the control commands of the excavator. In this
handover phase, the semi-automatic system ensures there is no overdig due to the bucket
curl. In order to complete the digging, the operator simply executes successive digging passes
until the system achieves the desired design surface.

[0045] Figure 4 schematically depicts a second embodiment of the invention, wherein the first
conversion rule provides for incrementally digging parallel to the desired design surface. Here,
the operator positions the cutting edge of the bucket 2 at the start of a cutting pass and
penetrates the soil to the desired depth. The operator pulls in on the arm command and the
first conversion rule ensures that the bucket 2 generates a path following a target path 14 at
the desired depth, parallel to the design surface 15. As soon as the resistance data indicate
that accurately following the target path cannot be maintained, the automated system
transitions into the second conversion rule and provides lifting of the bucket 2 in an efficient
way as a function of a digging efficiency criterion, e.g. wherein: efficient digging is maximizing
power applied in the cut, efficient digging is optimized to minimize the path deviations due to
variations in loading, efficient digging is optimized to minimize the loads in a given direction,
efficient digging is optimized to maintain the vehicle at a target load level (hydraulic load,
engine load, or both), and/or efficient digging is optimized so that the load is characteristic of
the bucket teeth and ears cutting the soil rather than the cutting edge. For example, efficient
digging may be using an admittance based control scheme in place of a kinematic control
scheme.

[0046] At the end of the pass the operator is given back control according to the original
assignment of the control commands of the excavator and manually operates the boom and
bucket to ensure the material falls into the bucket and is lifted clear of the excavation.

[0047] Figure 5 schematically depicts a third embodiment of the invention, e.g. for excavating
a trench, wherein the first conversion rule provides for incrementally advancing of the desired
design surface 15. Here, each excavation cycle starts with locating the machine to begin
excavating the trench. This requires the dig plane of the excavator to be parallel to or
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perpendicular to the trench direction. Typically, the excavator is positioned such that the
workspace of the bucket cutting edge includes the extreme position of the trench. The
assistance system according to this embodiment determines whether the design surface 15
intersects the soil surface, e.g. by means of a visual perception sensor such as a 2D or 3D
surveying unit. If the design surface 15 does not intersect the soil surface, a pre-excavation is
required to reach the design surface. If the design surface 15 intersects the soil surface, the
operator positions the bucket 2 such that it can begin cutting where the design surface 15
meets the existing surface 16 of the soil. The automated system activates the first conversion
rule, wherein in this embodiment the first conversion rule makes sure that the target path 14
lies in the design surface 15, i.e. the cutting edge of the bucket 2 follows the design surface 15.
Upon engaging the soil by the operator pulling in on the arm command, the automated system
coordinates the arm and boom in order to provide cutting along the design surface.

[0048] The coordination of the arm and boom is altered depending on the resistance data,
wherein the assistance system automatically switches into the second conversion rule.
According to the second conversion rule, for example, the coordination is based on maintaining
even loading across the boom and arm hydraulic circuits. For example, the coordination is
based on the sensed direction of the load on the bucket, e.g. a strong load resisting the motion
of the bucket may result in a larger boom command to decrease the cutting depth and lessen
the load. The coordination according to the second conversion rule further guarantees that the
cutting edge moves away from the design surface 15 rather than penetrating it.

[0049] By way of example, the first and second conversion rules are interrelated in a
superpositioning manner, wherein the first conversion rule is used as a primary mapping rule
and the second conversion rule provides additional mapping rules for moving the bucket away
from the design surface "superimposed” upon the rules of the first conversion rule in an
additive manner.

[0050] At the end of the pass, the operator steers the bucket out of the soil, executes the
dumping portion of the dig cycle, and the assistance system initiates the next cycle by locating
where the design surface meets the existing surface of the soil and so forth.

[0051] When the excavator has excavated enough material that the cycle cannot be continued
with the existing track location, the operator steers the excavator to advance the tracks. When
cutting parallel to the tracks, this occurs as the excavation approaches the machine and is too
near the front of the tracks for cutting to continue. The excavator must then travel in reverse so
that the surface of the soil 16 is sufficiently far from the swing axis for efficient digging to
resume. When cutting perpendicular to the tracks, this occurs when the full cross section of the
desired surface 15 has been cut for the cross section perpendicular to the tracks. In this case,
the machine tracks along the trench one bucket width and repeats the procedure.

[0052] By way of example, a digging cycle comprises a first phase 17, which occurs during the
approach to the position where the design surface 15 meets the existing surface 16 of the saill,
e.g. close to the area 18 wherein the design surface 15 has already been precisely formed by
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previous excavation cycles. Here, no load is detected and the rate of increase of the speed of
the bucket 2 is limited to prevent overdig. In a second phase 19, occurring at the beginning of
engaging with the soil, low load is detected and the cutting edge of the bucket 2 follows the
design surface 15. In a third phase 20, higher load is encountered and the assistance system
transitions to the second conversion rule and initiates a lifting and filing of the bucket 2
according to a defined digging efficiency criterion.

[0053] According to one aspect of the invention, the above described method provides for a
workflow where each excavation cycle is executed using the automation system. The
automation system automatically transitions from kinematically controlled digging (digging
according to the first conversion rule) at the desired surface 15 to a load dependent digging
(digging according to the second conversion rule) when the load becomes too large to
maintain the accuracy required for final pass cutting accuracy. By way of example, the operator
can add a single pass of entirely kinematic digging prior to advancing the tracks to ensure that
the surface has been cut correctly.

[0054] Figure 6 schematically depicts another digging operation according to a fourth
embodiment of the invention, wherein a digging progress is depicted from top to bottom of the
figure. Similar to the digging operation described with reference to Fig. 5, the assistance and
automation system is engaged as soon as any portion of the design surface 15 intersects the
soil surface 16. The initial pass depicted at the top of the figure starts the excavation by
uncovering some small portion of the design surface 15 under the first conversion rule and
then converting to load based mass excavation under the second conversion rule. Every
subsequent path extends the amount of the surface that has been cut to the desired profile
and excavates additional material for the next pass. Eventually the machine is able to excavate
the full profile.

[0055] The use of kinematically controlled digging (digging according to the first conversion
rule) for each pass also provides a fully automated system with the opportunity to smoothly
transition from the positioning step to the cutting step. The desired kinematic path sets the
boundary conditions for the path generation to return the bucket from the dump location to the
cutting location. It is trivial for the automation system to plan a path from the end of the dig
cycle to the desired dump location, so a full dig cycle can now be planned with a typical
kinematic method being used everywhere except a loading dependent path during the soil
engagement. Since trenching is a largely linear operation, a fully autonomous system can also
include simple rules to determine when to advance the tracks along the trench.

[0056] Although the invention is illustrated above, partly with reference to some preferred
embodiments, it must be understood that numerous modifications and combinations of
different features of the embodiments can be made. All of these modifications lie within the
scope of the appended claims.

REFERENCES CITED IN THE DESCRIPTION
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Patentkrav

1. Fremgangsmade til styring af en udgravningsoperation med en gravemaskine

(1) for at opna en designoverflade, hvori fremgangsméaden omfatter

« adgang til designdata, der tilvejebringer information om designoverfladens
(15) udformning og placering, og adgang til kontrolkommandoer til mangvre-
ring af en endeeffektor (2) pa gravemaskinen (1),

+ adgang til modstandsdata, der angiver en modstand, der udeves mod en-
deeffektoren, nar den griber ind i det materiale, der skal flyttes (8),

« tilvejebringelse af en forste konverteringsregel, der er konfigureret til at
kortlzegge kontrolkommandoerne til bevaegelseskommandoer for endeeffek-
toren (2), som far endeeffektoren (2) til at flytte sig ifelge en malbane (14),
der er afledt af designoverfladen (15), seerligt hvori malbanen (14) i det mind-

ste i sektioner lgber parallelt med designoverfladen (15),

kendetegnet ved, at fremgangsméaden yderligere omfatter:

+ tilvejebringelse af en anden konverteringsregel, der er konfigureret til at
kortleegge kontrolkommandoerne til beveegelseskommandoer for endeeffek-
toren (2) som en funktion af modstandsdataene og et graveeffektivitetskrite-
rium, hvori den anden konverteringsregel er forskellig fra den ferste konver-
teringsregel og geor det muligt at beveege endeeffektoren (2) uafhaengigt af
malbanen (14), og

+ overgang fra den forste konverteringsregel til den anden konverteringsregel

som en funktion af modstandsdataene.

2. Fremgangsmade ifglge krav 1, hvori modstandsdataene tilvejebringer informa-
tion om kreefter, der udgves pa endeeffektoren (2), og de retninger, som kraefterne

virker i, i forhold til mindst to, isaer tre, forskellige rumlige retninger.

3. Fremgangsmade ifglge et af de foregaende krav, hvori modstandsdataene tilve-
jebringer information om et moment, der udeves pa endeeffektoren (2), som er
forarsaget af, at endeeffektoren (2) trykker pa det materiale, der skal flyttes (8),
og/eller af, at endeeffektoren (2) bevaeger sig gennem det materiale, der skal flyt-
tes (8).
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4. Fremgangsmade ifolge et af de foregaende krav, hvori overgangen udferes ba-
seret pa et teerskelkriterium for en modstandskraft og/eller et modstandsmoment,
der udeves pa endeeffektoren (2), nar den griber ind i materiale, der skal flyttes
(8) af gravemaskinen,

seerligt hvori taerskelkriteriet er forbundet med at tilvejebringe en defineret ngjag-
tighed til at felge malbanen (14) med endeeffektoren (2) ifglge den farste konver-
teringsregel, og/eller hvori teerskelkriteriet er forbundet med at tilvejebringe en
greense for en tilladt kraft, der virker pa et led (7) i en gravemaskinekomponent,

der tilvejebringer bevaegelse af endeeffektoren (2).

5. Fremgangsmade ifglge et af de foregdende krav, omfattende en standsning af
den anden konverteringsregel pa grundlag af en brugerkommando og/eller som en
funktion af modstandsdataene, hvorved en oprindelig tildeling af kontrolkomman-
doerne til beveegelseskommandoer for endeeffektoren (2) frigives,

i seerdeleshed omfattende en orientering af endeeffektoren (2) i en defineret hol-

deorientering fer frigivelsen af den oprindelige tildeling af kontrolkommandoerne.

6. Fremgangsmade ifglge krav 5, hvori standsningen af den anden konverterings-

regel initieres af mindst en af felgende

+ kontrolkommandoerne angiver en defineret krolbevaegelse af endeefiekto-
ren (2),

« anerkendelse af, at modstandsdataene angiver, at endeeffektoren (2) loftes
ud af det materiale, der skal flyttes (8) af gravemaskinen, szrligt angivet af
et pludseligt fald i en modstandskraft og/eller et pludseligt fald i et mod-
standsmoment, der udegves pa endeeffektoren (2),

+ en historik for modstandsdataene for en aktuel passage af endeeffektoren
(2) og et kriterium for afslutning af passagen, som tilvejebringer en indikation
som en funktion af historikken for modstandsdataene om, at den aktuelle
passage har naet et defineret forlgb, og

+ et yderligere taerskelkriterium for en modstandskraft og/eller et modstands-
moment, der udeves pa endeeffektoren (2), nar den griber ind i det materiale,
der skal flyttes (8).

7. Fremgangsmade ifolge et af de foregdende krav, hvori graveeffektivitetskriteriet

tilvejebringer mindst et af felgende
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+ maksimering af den kraft, der paferes af et skeereomrade (11) pa endeef-
fektoren (2) pa materiale, der skal flyttes (8) af gravemaskinen,

« minimering af baneafvigelse af en bane for endeeffektoren (2),

* minimering af en modstandskraft, der udeves pa endeeffektoren (2} i en
defineret retning,

* minimering af et modstandsmoment, der udeves pa endeeffektoren (2),

+ opretholdelse af en malmodstandskraft og/eller et malmodstandsmoment,
der udeves pa endeeffektoren (2), og

« opretholdelse af en orientering af endeeffektoren (2), sa det materiale, der

skal flyttes (8), skeaeres af teenderne pa endeeffektoren (2).

8. Fremgangsmade ifalge et af de foregaende krav, hvori malbanen (14) ifelge den
forste konverteringsregel eendres sekventielt, hvorved der tilvejebringes en se-
kvens af malbaner (14), der skal udgraves efter hinanden, hvori sekvensen er afledt
af designoverfladen (15)e og inkrementelt narmer sig designoverfladen (15}, iseer
hvori hver af de forskellige malbaner (14) i det mindste i sektioner lgber parallelt

med designoverfladen (15).

9. Fremgangsmade ifelge et af de foregadende krav, omfattende en bestemmelse af
malbanen (14) som en bane parallelt med designoverfladen (15) ved en aktuel

indtraengningsdybde for endeeffektoren (2) i det materiale, der skal flyttes (8), og

« en udlgsning af den farste konverteringsregel, nar kontrolkommandoerne
angiver en bevagelse af endeeffektoren (2) parallelt med designoverfladen
(15), og/eller

« en udlgsning af den farste konverteringsregel baseret pa en overvagning af
modstandsdataene og et engagementskriterium som en funktion af mod-

standsdataene.

10. Fremgangsmade ifglge et af kravene 1 til 7, hvori malbanen (14) ifelge den
forste konverteringsregel ligger i designoverfladen (15),

i seerdeleshed hvori, i tilfeelde af at designoverfladen (15) skaerer en materialeover-
flade (16) af materiale, der skal flyttes (8) af gravemaskinen, en udgravningspas-
sage startes ved at aktivere den forste konverteringsregel, saledes at den forste
kontakt mellem endeeffektoren (2) og det materiale, der skal flyttes (8), tilveje-

bringes i et punkt pa designoverfladen (15).
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11. System til styring af en udgravningsoperation med en endeeffektor (2) pa en
gravemaskine (1) for at opna en designoverflade (15), hvori systemet er konfigu-
reret til at udfere fremgangsmaden i et af kravene 1 til 10, hvortil det omfatter en

computerenhed, der er konfigureret

+ til at f4 adgang til designdataene og kontrolkommandoerne i trinnene for
adgang til designdata og kontrolkommandoer ifglge krav 1,

« til at f4 adgang til modstandsdataene i trinnet med adgang til modstands-
data ifglge krav 1,

« til at tilvejebringe den forste og den anden konverteringsregel ifglge trin-
nene med at tilvejebringe den ferste konverteringsregel og tilvejebringe den
anden konverteringsregel ifglge krav 1, og

+ til at evaluere modstandsdataene for at tilvejebringe overgangen ifelge trin-
net med overgang fra den ferste konverteringsregel til den anden konverte-

ringsregel.

12. System ifglge krav 11, omfattende en sensorenhed, der er konfigureret til at
blive monteret pa en gravemaskine (1) og - i en tilstand monteret pa gravemaski-
nen - til at tilvejebringe modstandsdataene,

i seerdeleshed hvori sensorenheden er konfigureret til at tilvejebringe en vektorma-
ling af en kraft, der udeves pa endeeffektoren (2), hvori vektormalingen er tilveje-

bragt med hensyn til mindst to, i seerdeleshed tre, forskellige retninger.

13. System ifglge et af kravene 11 til 12, omfattende en perceptionssensor konfi-
gureret til at generere perceptionsdata, isser i 3D, hvori systemet er konfigureret
til at bruge perceptionsdataene til at evaluere, om designoverfladen (15) skeaerer

en materialeoverflade (16) af materiale, der skal flyttes (8) af gravemaskinen (1).

14. Computerprogramprodukt, omfattende programkode, som er lagret pa et ma-
skinlaesbart medium, eller som er legemliggjort af en elektromagnetisk balge, om-
fattende et programkodesegment, og som har computereksekverbare instruktioner
til udferelse, iseer nar det keres pa en computerenhed i et system ifglge et af kra-

vene 11 til 13:

+ adgang til designdata og kontrolkommandoer i trinnene for adgang til de-
signdata og kontrolkommandoer ifglge krav 1,
« adgang til modstandsdataene i trinnet med adgang til modstandsdata ifglge

krav 1,
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+ tilvejebringelse af den ferste og den anden konverteringsregel ifglge trin-

nene med tilvejebringelse af den forste konverteringsregel og tilvejebringelse

af den anden konverteringsregel ifelge krav 1, og

» evaluering af modstandsdataene for at tilvejebringe overgangen ifglge trin-
5 net med overgang fra den ferste konverteringsregel til den anden konverte-

ringsregel ifolge krav 1.

15. Computerprogramprodukt ifalge krav 14, hvori programkoden omfatter com-
putereksekverbare instruktioner til udfgrelse af ethvert trin i fremgangsmaden

10 ifolge et af kravene 2 til 10.
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