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(54) ARTIFICIAL INTELLIGENCE ARCHITECTURE FOR INDUSTRIAL WELDING

(57) The present disclosure relates to a method and
system for controlling welding performed by a welding
robot. The method comprises obtaining operating data
of the welding robot during welding and obtaining image
data of a welded workpiece. The image data is processed
to determine parameters of the welded workpiece and
the parameters are processed to determine a quality of

the welded workpiece by rating the parameters using a
scoring function. The results of the scoring function are
input into a machine learning model. The results of the
scoring function are, using the machine learning model,
applied to the obtained operating data to modify said op-
erating data to improve the welding. The modified oper-
ating data is used to control the welding robot.
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Description

[0001] The present disclosure relates to a system and method for controlling a welding robot using different machine
learning methods.
[0002] Welding is employed in various fields of technology, in particular using welding robots or other means of
computer guided welding. However, in order to ensure durable and precise welding seams, the workpiece either has to
be evaluated by a technician who then adapts the welding robot parameters accordingly or extensive laboratory tests
have to be conducted to identify the optimal welding robot parameters. Both methods are cost and time consuming. It
is therefore an object of the present disclosure to provide an improved system and method that quickly optimises the
welding robot parameters to a degree not possible with previous approaches.
[0003] The invention is defined in the independent claims. Preferred embodiments are defined in the dependent claims.
[0004] In particular, the object is achieved by a computer-implemented method for controlling welding performed by
a welding robot. The method comprises obtaining operating data of the welding robot during welding and obtaining image
data of a welded workpiece. The image data is processed to determine parameters of the welded workpiece and the
parameters are processed to determine a quality of the welded workpiece by rating the parameters using a scoring
function. The results of the scoring function are input into a machine learning model. The results of the scoring function
are, using the machine learning model, applied to the obtained operating data to modify said operating data to improve
the welding. The modified operating data is used to control the welding robot.
[0005] Various embodiments may preferably implement the following features:
Preferably, the operating data are processed to determine parameters of the welded workpiece.
[0006] Preferably, the machine learning model is a reinforcement learning, RL, model.
[0007] Preferably, the method further comprises, after or during using the modified operating data to control the welding
robot, obtaining new operating data of the welding robot and obtaining new image data of a welded workpiece and
processing the newly obtained operating data and the newly obtained image data according to the method described
above after obtaining operating data and image data. In other words, after or during using the modified operating to
control the welding robot, new operating data of the welding robot and obtaining new image data of a welded workpiece
is obtained. The newly obtained image data are processed to determine amended parameters of the welded workpiece
and the amended parameters are processed to redetermine the quality of the welded workpiece by rating the amended
parameters using the scoring function,
[0008] The parameters of the welded workpiece preferably comprise the type of welding and/or geometric parameters.
More preferably, the parameters of the welded workpiece comprise at least one of width of the weld, penetration depth
of the weld, notches on the surface and/or in the weld, pores on the surface or in the weld and time consumed for the
welding process. In other words, at least one of the following is used as a classifier for the machine learning model to
classify the score of the welding process: width of the weld, penetration depth of the weld, notches on the surface and/or
in the weld, pores on the surface or in the weld and time consumed for the welding process.
[0009] The parameters of the welded workpiece preferably comprise information on the occurrence of defects of
welding, particularly on welding splash, arc strike, cold cracking, crater crack, hat crack, underbead crack, longitudinal
crack, reheat cracking, root and toe cracks, transverse cracks and/or inclusions. The parameters may also comprise
temperature or temperature changes of the workpiece and other parameters that may be measured by optical and/or
sensoric means. The determination of the quality of the welded workpiece is preferably determined based on the occur-
rence and/or quantity of defects of the welding. The new result of the scoring function is inputted into the machine learning
model. The new result of the scoring function is applied, using the machine learning model, to the newly obtained
operating data to remodify the new operating data and the remodified new operating data are used to control the welding
robot. Thus, an iterative loop is preferably created.
[0010] The operating data and/or modified operating data preferably comprises information on the state of the welding
system. Preferably the operating data and/or modified operating data comprises information on the position of the welding
head, e.g. the position of the welding head relative to the workpiece and/or the angle relative to the welding head.
[0011] The operating data and/or modified operating data preferably comprises information on the power used for the
welding. The operating data and/or modified operating data preferably further comprises information on the temperature
of the workpiece.
[0012] The operating data and/or modified operating data preferably comprises information on the action of the welding
robot, preferably on translatory motion and/or rotatory motion.
[0013] The operating data and/or modified operating data preferably comprises information on a change of the power
used for welding. The operating data and/or modified operating data preferably comprises information on the change of
the temperature of the workpiece and/or the temperature used for welding. The operating data and/or modified operating
data preferably comprises information on the change of the atmospheric conditions during the welding, e.g. a change
in the shielding gas.
[0014] Preferably, the temperature may also be determined by other means than an IR camera such as a temperature
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sensor.
[0015] The operating data and/or modified operating data preferably comprises information on the result of the welding
process. The result of the welding process is preferably indicated by a scoring rate, preferably in order to distinguish
different types of correctness. The operating data and/or modified operating data preferably comprises information on
the time efficiency of the welding process. The operating data and/or modified operating data preferably comprises
information on the operational stability during the welding process.
[0016] Preferably, at least one of the parameters may be visually detected by a camera/camera unit and analysed by
a classification or regression scheme. Preferably, at least one image processing method such as high / low pass filtering,
determination of contrast, and/or noise cancellation is applied to the image take by the camera. Preferably, an infrared
and/or thermal camera is employed solely or in addition.
[0017] Preferably, non-visual parameters may be used additionally or self-sufficiently. Preferably, the parameters may
comprise at least one of time consumed by the welding process, energy consumed by the robot, material used for
executing the welding, quality and/or strength of the weld measured by other means, welding scenario parameter and
temperature.
[0018] Preferably, the quality and/or strength of the weld is determined by destructive testing. Preferably, the welding
scenario parameter sets all weights according to the scenario considered. It thus may include the different welds or type
of welds the robot is used for in the production.
[0019] The scoring function preferably is a generalised weighted scoring function.
[0020] Preferably, the scoring function is determined by the means of a generalized sum: 

where:

S is the score;
Si denotes the parameter;
ai denotes a respective coefficient used for weighting the parameter; and
N denotes the number of used parameters.

[0021] Preferably, ai may be a positive constant.
Preferably, ai is a constant.
Preferably, ai is dependent on at least one of the parameters Si and/or another constant aj.
[0022] The image data and/or the operating data may be processed using filtering and/or pre-processing. Preferably,
simulated data generated by a virtual welding process are used to process the image data and/or operating data.
[0023] The image data are preferably associated with the operating parameters, preferably before processing the
image data. The welding may be laser welding.
[0024] Preferably, a type of weld is classified and a quality of the type of weld is classified subsequently using the
parameters of the welded workpiece. The data used for the scoring function may preferably be generated by simulation.
[0025] The disclosure also relates to a system for controlling a welding robot comprising a camera unit, an evaluation
unit, a machine learning unit and a control unit. The camera unit is configured to capture image data of a welded
workpiece, wherein the evaluation unit is configured to obtain the image data from the camera unit to determine parameters
of the welded workpiece and process the parameters to determine a quality of the welded workpiece by rating the
parameters using a scoring function. The machine learning unit is configured to obtain operating data of the robot and
to obtain the result of the scoring function and to apply the result of the scoring function to the operating data to modify
the operating data to improve the welding. The control unit is configured to use the modified operating data to control
the welding robot.
[0026] Various embodiments may preferably implement the following features:
The machine learning model is a reinforcement learning, RL, model. The model is preferably used to optimise the welding
robot’s behaviour.
[0027] The machine learning model, preferably for quality assessment, is preferably a deep learning, DL, model.
[0028] Preferably, the evaluation unit is further configured to determine the quality of the welded workpiece depending
on the type of welding and/or geometric parameters. The evaluation unit is preferably configured to determine the quality
of the welded workpiece by at least one of width of the weld, penetration depth of the weld, existence of notches, existence
of pores and time consumed for the welding process.
[0029] The camera unit is preferably configured to capture new image data of the welded workpiece. The machine
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learning unit may be configured to obtain new operating data of the robot after the control unit used the modified operating
data to control the welding robot. The evaluation unit is preferably configured to obtain the new image data from the
camera unit to determine amended parameters of the welded workpiece and process the amended parameters to
redetermine the quality of the welded workpiece by rating the amended parameters using the scoring function. The
machine learning unit is preferably further configured to obtain new operating data of the robot and to obtain the new
results of the scoring function after the control unit used the modified operating data to control the welding robot, and
apply the new result of the scoring function to the operating data to remodify the operating data to improve the welding.
The control unit is preferably configured to use the remodified operating data to control the welding robot.
[0030] The scoring function may preferably be a generalised weighted scoring function. The scoring function may
preferably be set in advance.
[0031] The machine learning model for optimising the welding robots behaviour preferably is a reinforcement learning,
RL, model.
[0032] Since it is inherent in learning that mistakes may occur, workpieces may be welded badly and thus sorted out.
This leads to decreased efficiency and productivity and produces costs. Thus, according to a preferred embodiment, an
initial model is trained under laboratory conditions which is then optimised during the production process. According to
a preferred embodiment, in order to minimise the rejects, limits of exploration of the machine learning model should be
set in advance. Thus, when the robot is allowed to train the test environment, i.e. under laboratory conditions, the
exploration limits can be widened.
[0033] Optimising the behaviour of a welding robot automatically with the suggested method and/or system leads to
higher precision of the weld and thus less outage. Another advantageous effect is that the weld also exhibits better
qualities as the parameters of the robot optimize along this direction.
[0034] Currently in the prior art, the parameters of a welding robot are set by employing a few tests before using the
robot in production. The suggested method enables an automatic evidence-based (i.e. by camera and/or internal robot
state tracking) improvement of the robot parameters. In particular, optimisation of the weld is achieved without antecedent
tests under laboratory conditions and with minimal human interference.
[0035] Furthermore, according to the present disclosure, even during production parameters can be optimized on-line
even further due to slight exploration of the robot’s strategy. Thus, the proposed system and method are a key step in
the direction of self-optimising factories.
[0036] Advantageous technical effects according to the present disclosure are improved quality of the weld, i.e. strength,
reliability etc. due to improved welding. Furthermore, less material and energy are consumed while welding, particularly
due to the fact that less rejections may be produced. The automated optimisation also leads to a speed-up of the welding
process.
[0037] The invention is further described by the appended drawings.

Fig. 1 is a flowchart of a method according to an embodiment of the present disclosure,
Fig. 2 shows a flowchart of a method according to an embodiment of the present disclosure,
Figs. 3 shows a schematic diagram of a method according to an embodiment of the present disclosure,
Fig. 4 is a schematic diagram of a system according to an embodiment of the present disclosure, and
Fig. 5 shows a schematic diagram of a method according to an embodiment of the present disclosure.

[0038] Figure 1 is a flowchart showing a method according to a preferred embodiment of the disclosure. In particular,
figure 1 shows a computer-implemented method for controlling welding performed by a welding robot.
[0039] In S101, operating data of the welding robot is obtained. The operating data preferably comprise at least one
of movement data, i.e. translatory and/or rotational data, temperature, atmosphere, power, angle with respect to the
workpiece and time consumed for the welding process.
[0040] In S102, image data of a welded workpiece are obtained. It is understood by the skilled person that the order
of S101 and S102 is interchangeable and can also be processed in parallel. The image data preferably is image or video
(data) captured by a camera unit/camera.
[0041] In S103, the image data is processed to determine parameters of the welded workpiece. The parameters
preferably refer to the welding seam and comprise at least one of width, penetration depth, notches, pores and time
consumed for the welding process.
[0042] In S104, the parameters are processed to determine a quality of the welded workpiece by rating the parameters
using a scoring function. The scoring function preferably is a generalised weighted function. A preferred embodiment of
a generalised weighted function will be described below. The determination of the quality of the welded workpiece is
preferably determined based on the occurrence and/or quantity of defects of the welding.
[0043] In S105, the results of the scoring function are input into a machine learning model, preferably of type RL
(reinforced learning). Preferably, the machine learning model comprises an initial set of operating data of the welding
robot. This initial set may preferably be the set obtained in S101 or may be an initial set which has been trained in a
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previous step.
[0044] In S106, the results of the scoring function are applied to the obtained operating data to modify said operating
data.
[0045] In S107, the modified operating data are used to control the welding robot.
[0046] The process with the modified parameters is then again monitored and the obtained image and movement data
is fed into the aforementioned workflow again (S101 and S102).
[0047] Figure 2 is a flowchart showing a method according to a preferred embodiment of the present disclosure. The
method may be deployed in any welding facility comprising a welding robot and a camera system for capturing images
of the welded workpiece. The method applied to industrial welding will be described in the following.
[0048] In S201, raw data from the camera and/or movement data from the welding robot are fed into the system. In
S202, layer 1 of the proposed method is formed by processing the raw data to clean data. Raw data may thereby refer
to any data which has not been subject to further processing such as filtering and clean data may therefore refer to data
which underwent pre-processing and or filtering. In other words, raw data may be a raw image, a jpg image or any other
type of captured image and movement data or trajectories, respectively. Also, video data may be obtained capturing the
welding process. The video data may then be transformed into clean data to enhance details on the workpiece and the
weld. The raw data may thus be subject to pre-processing and/or filtering.
[0049] In S203 (layer 2), a scenario classification is performed. Furthermore, simulated data, i.e. data generated by
a virtual welding process, may also be added to the scenario classification data. The scenario classification data comprises
information on the welding seam such as width, penetration depth, notches, pores (on the surface as well as within the
weld) and the time consumed for the welding process. A single parameter or a combination of at least two of the
parameters listed above may be used. Other parameters may also be appropriate. The data may for example be obtained
by an edge detection algorithm analysing the raw image data. A transformation may be applied to the image or video
data to obtain an intensity profile. The intensity profile may have a range from 0...1 and provide information on edges
or abrupt transitions in the workpiece.
[0050] In S204, the processed scenario classification data, particularly the key parameters, is then analysed by a
computer vision which detects and classifies the image data (layer 3). In particular, the classification is directed towards
quality of the weld. The computer vision may take into account two kinds of classification data. On one hand, situation
data such as the type of weld, i.e. bent or linear, and on the other hand geometric parameters such as width, penetration
depth, pores, and other information may be utilised.
[0051] In S205, the classifiers are then fed into a scoring function (layer 4). The scoring function may be a generalised
weighted scoring function. Generalised weights allow implementing not acceptable (hereinafter also referred to as "no-
go") and (strongly) favourable results in contrast to a fixed weighted average. A notch in the weld for example may not
be rated and weighted accordingly but directly lead to rejection of the workpiece since it makes the workpiece unusable.
This would then be an example of an unacceptable/ not acceptable result.
[0052] The function may be a weighted sum of the parameters identified above. According to the present embodiment,
a higher score may indicate a higher quality of the weld. A scoring function with respect to Fig. 2 may for example read 

wherein K is the camera data and R is the state and action data of the robot, in other words movement data.
[0053] In S206, the results of the scoring function are input into a machine learning algorithm (hereinafter also referred
to as "RL Agent"). The machine learning algorithm may comprise an initial training set obtained under laboratory conditions
or by conducting the welding process in the production site. The machine learning algorithm may for example be a
reinforcement learning (RL) algorithm. Depending on the result of the scoring function, a machine learning agent modifies
the robot parameters, i.e. the operating data, such as, according to a preferred embodiment, movement trajectories,
atmosphere, temperature, CO2 content, power and/or angle with respect to the workpiece. Movement trajectories may
be defined by translatory movements as well as rotational movements. The machine learning model may also be capable
of detecting the type of weld by analysing the image data. Thus, a curved, linear or zigzag pattern may exemplarily be
detected without further information. Optionally, the movement data and other parameters, i.e. operating data, the robot
may be provided to indicate the type of weld. After classification of the type weld, the quality of the weld may subsequently
be classified. Therefore, at least one of the parameters indicated above may be used.
[0054] The image data may be associated with the movement data of the welding robot.
[0055] In S207, the modified operating data is used to control the welding robot.
[0056] The process with the modified parameters is then again monitored and the obtained image and movement data
is fed into the machine learning algorithm again to further improve the welding results. Thus, the system controls itself
with respect to quality and aims at optimising the robot parameters and hence the welding process.
[0057] Thereby, an autonomous system for optimising parameters of the welding robot to achieve an optimal weld is
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obtained.
[0058] Fig. 3 shows a schematic diagram of a method according to a preferred embodiment of the present disclosure.
In S301, camera and robot data are obtained and in S302, pre-processing and/or filtering of the obtained data is performed.
Simulated data generated by a virtual welding process may preferably also be used in S302 to obtain clean data (scenario
classification according to Fig. 2). The data is then used for tracking in S303b, i.e. record states, actors and rewards,
and for the classification of a weld in S303a preferably using computer vision. The computer vision may deploy artificial
intelligence (AI). The results are then fed into a scoring function (S304a). Scoring function is then input into a machine
learning agent (S305). In addition, the tracking data might also input into the machine learning agent (S304b). The agent
comprises an initial model and uses the newly fed data for an approximation of an optimal action value function. The
function is then used to modify the instructions for the welding environment (S306). The new instructions are then used
to control and instruct the welding robot (S307). Hence, a loop is created which allows optimising the welding parameters
by machine learning. Thereby a quality optimisation, faster processes, higher degree of industrialisation and/or autom-
atisation and reduced energy consumption is achieved.
[0059] Fig. 4 shows a system for controlling a welding robot 200 according to a preferred embodiment of the present
disclosure. The system comprises a camera unit 101, an evaluation unit 102, a machine learning unit 103 and a control
unit 104. The camera unit 101 captures image data of a welded workpiece 300. The evaluation unit 102 obtains image
data from the camera unit 101 and determines parameters of the welded workpiece (300) using said image data. The
evaluation unit then processes these parameters to determine the quality of the welded workpiece. This is done by rating
the parameters using a scoring function. A preferred embodiment of the scoring function will be described in detail below.
The machine learning unit 103 obtains operating data of the robot 200 and obtains the scoring function. The operating
data is directly obtained from the robot 200 according to a preferred embodiment or is obtained from previous training
step according to another preferred embodiment. The machine learning unit 103 then applies the scoring function to the
operating data to modify the operating data to improve the welding. The control unit then uses the modified operating
data to control the welding robot 200.
[0060] The machine learning model preferably is a reinforcement learning, RL, model. The evaluation unit 102 may
further be configured to determine the quality of the welded workpiece 300 depending on the type of welding and/or
geometric parameters. The evaluation unit 102 is preferably configured to determine the quality of the welded workpiece
300 taking at least one of width, penetration depth, notches, pores and time consumed for the welding process into
consideration. The scoring function may preferably be a generalised weighted scoring function.
[0061] According to a preferred embodiment, the final score, i.e. the scoring function that is the input for the RL Agent,
i.e. for the machine learning, is determined by the means of the following generalized sum 

where:

S is the score;
Si denotes the parameter;
ai denotes a respective coefficient used for weighting the parameter; and
N denotes the number of used parameters.

[0062] This will be described by using the following preferred embodiment, where S1 is the weld width, S2 detected
splatter and S3 detected pores.
[0063] The three input scores are considered:

S1 = 1, indicating that the weld width is perfect,
S2 = 1, indicating that no splatter has been detected,
S3 = 1, indicating that no pores were detected.

[0064] The coefficients would thus sum up with the positive constants ai according to 
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[0065] If logical no-go situations, i.e. not acceptable situations represented by the respective parameter, e.g. defects
that inevitably lead to dismissal of the workpiece, occur, this may also be accounted for by the algorithm.
[0066] The following scenario is considered according to a preferred embodiment.

S1 = 0.7, indicates that the weld width is good,
S2 = 0, indicates that splatter has been detected,
S3 = 1, indicates that no pores were detected.

[0067] As some factors, e.g. splatter, indicate with high accuracy that the weld cannot be further used, the generalised
sum should yield 

[0068] Implying that a1(S2 = 0) = 0 = a3(S2 = 0).
[0069] This example according to a preferred embodiment shows that it may technically make sense that for welding
the scoring function of the weld can be modelled to include no-go scenarios as well as weighted sums of different factors.
In the present case, S2 = 0 sets all ai = 0, thereby leading to a dismissal of the workpiece since the detected splatter
makes it unusable.
[0070] Furthermore, the scoring function may distinguish e.g. if a bend is welded or a straight line. This can e.g. be
accounted for by the welding scenario parameter mentioned above. For example, the width of a weld might be more
important when welding a curve rather than a straight line.
[0071] In order to obtain the parameters Si computer vision and/or the internal robotic tracking functions may be utilised.
Computer vision, e.g. based on trained neural nets, enable the robot to make quality assessments. A deep learning
network may for example be able to track visible pores or to determine the width of a weld.
[0072] The width of the weld is set by the engineer designing the workpiece. Any deviation with certain limits will lower
the ideal score for the weld width, which is 1. Similar considerations can be made for the other factors and thus will not
be discussed further.
[0073] Training is achieved by feeding an artificial intelligence with the score. Preferably, a reinforcement agent, RL
agent, is employed for this purpose. The agent gets a reward once the welding is better than the previous score, thereby
autonomously improving the welding parameters and the resulting weld. Preferably, the scoring function is set in advance.
[0074] The working principle will be further discussed using the following preferred embodiment. The automated
welding, e.g. laser welding, is performed by at least one robotic arm. The robotic arm may be connected to a controller
and/or a server and/or a network. Also, sensors may be used in order to monitor parameters of the robotic arm in addition
to controlling of the arm itself. At least one camera may be employed. The camera may e.g. be placed on the robotic
arm or in the surrounding of the welding spot.
[0075] To train the robotic arm to do a better welding work, reinforcement learning will be applied (see above). The
process might comprise the following steps.
[0076] Performing the welding and taking an image of the resulting weld. The quality of the welding will be estimated
or predicted by passing the image to a trained Deep Learning neural network. The quality can be a set of parameters
as mentioned above, for example, welding width, penetration depth and existence of notches or pores.
[0077] By using the scoring function, a score for the weld is marked. Subsequently, a reward is defined and returned
to the robotic arm or the controller thereof, respectively. For this example, a scale from 0 to 1 will be used. If, e.g., the
welding score is close to a certain number, like 0.9, the welding is perfect, and the reward given is 10. If the welding
score is under 0.5, the reward given is -10. If the welding score is between 0.5 to 0.9, the reward may be 5. If the welding
is not done, reward is 0. The reward may also be adapted according to the time spent for the welding process. Based
on the reward, the robotic arm can update the learning processes and then learn by running multiple, e.g. a million to
billion times.
[0078] Alternatively, the scaled score of the scoring function, which is a number between 0 and 1, can be used to
model a reward as follows. If the score is larger than the score from the previous run, the RL agent gets a reward and
if it is lower it gets a negative reward (punishment).
[0079] Finally, a reward may be defined by the magnitude the score differs from the previous score and the reward
can be proportional or a monotonically increasing function thereof.
[0080] Depending on the used reinforcement learning algorithms, the learned information can be saved in a learning
table (Q table) or neural networks. Later, the robotic arm can use this information to improve the welding performance.
[0081] Before the reinforcement learning environment is conducted to train the agent, preferably the quality prediction
is performed. This means an image recognition project will be conducted, where a lot of welding images will be collected.
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The welding image data will be trained e.g. by Deep Learning (deep neural networks). The output layer will be e.g. the
deviation of the welding width from a ground truth, an assessment of the if penetration depth has been achieved, if
notches have been detected, if pores have been detected or further parameters. The parameters may be a continuous
number, e.g. width in cm, or discrete/categoric number, e.g. 1 or 0 meaning having pores or not. The deep neural
networks used in the present example can be but are not limited to CNN (Convolutional Neural Networks). Deep learning
and variations thereof are a feasible method to do quality assessment in pictures as they are able to categorize optical
patterns and to assess positions of objects within pictures to a degree that is beyond human capabilities.
[0082] When the neural networks for quality assessment are trained with a high accuracy, they will be used during
the reinforcement learning construction. Ideally, the RL environment contains a robotic arm as an agent, the material to
weld, and a camera to capture the welding status.
[0083] According to an aspect of the present disclosure, a scoring function enables the usage of artificial intelligence,
e.g. reinforcement learning, to improve the welding robotics’ performance. The whole picture after training of the artificial
intelligence would be that the Camera unit feeds the visual (trained) evaluation unit which then forwards data to the
response unit.
[0084] After the above process is built, the robotic needs to be trained, which refers to the second artificial intelligence
or the reinforcement learning (RL) part.
[0085] During training, a process flow might look like the following: Camera unit collects data and feeds the data into
the RL algorithms. Then, action is taken, i.e. the robot is moved, and said action is evaluated. In a final step, the action
is adjusted if necessary.
[0086] The evaluation contains the scoring function. The scoring function includes specific welding related parameters.
Each of the welding parameters can be from one trained supervised machine learning model.
[0087] The training for the machine learning part can be static. Thus, a set of image data is collected and labeled with
our intentions. Subsequently, a machine learning (ML) model is built and trained in order to get the (math) parameters
of the ML model.
[0088] Fig. 5 shows a schematic diagram of a method according to an embodiment of the present disclosure. A welding
robot performs a weld according to an initial data set or the present data set. In a subsequent step, a collected image
data set is loaded (S501). The raw data is preprocessed, filtered and labeled to obtain clean data as has been discussed
above (S502). A trained AI/computer vision step then performs e.g. edge detection and pore classification of the weld
(S503). This may be based on deep learning (DL) and/or deterministic. This constitutes the supervised learning part of
the architecture. Chronologically the training of the quality assessment must be done before training the RL agent (S504)
that improves the behaviour of the robotic arm.
[0089] A welding robot performs a weld action and the camera captures the welding status (S505). The image data,
as well as the monitored robot’s parameters if necessary, is fed into the models, which were trained potentially with
supervised learning. The results of the already trained models are fed into a scoring function (S506). The score returned
by the scoring function decides the reward, which is passed on to the robot as the feedback of its current behavior (set
of parameters) then and, if applicable or necessary, the welding parameters are adjusted by RL learning to receive a
better feedback next time (S507). It means the welding process is then performed with the new set of parameters and
the result is again fed back into the models. After repeating the process, e.g. up to billions of times, the agent (robot)
can learn and gain enough experience to perform a high quality of welding. Thereby, a trained RL agent (robot) is
obtained (S508). This constitutes the reinforcement learning (RL).
[0090] Supervised learning and reinforcement learning both synergistically aim to provide optimal welding results, i.e.
the targeted reality. Supervised learning provides the necessary information to feed into the scoring function. Reward
system, as the environment response in the communication with robot behavior (action), is built according to the scores
as part of reinforcement learning. Hence, in summary the state of the weld is fed into the trained RL agent (robot) which
then adapts the parameters of the robot in order to improve the weld. The system is thus constantly self-improving.
[0091] Thus, a method and system are provided which perform a weld by a welding robot, determines the quality of
the weld by rating classifying parameters it using a scoring function and uses artificial intelligence design in which the
scoring process is based on the information provided by the machine learning or deep learning models and the result
of the scoring function is utilized to adjust the robot action to improve welding parameters. The trained ML/DL models,
the designed scoring system, and the trained RL agent are thus used to control the robot. This may be seen as an
autonomous trial and error procedure with boundaries set by operators in advance. The boundaries may constitute
parameter values which the welding robot may not exceed or fall below. This may be movement parameters or other
welding parameters as indicated above.
[0092] The welding process may also be simulated by a computer program in order to improve the parameters.
[0093] Other aspects, features, and advantages will be apparent from the summary above, as well as from the de-
scription that follows, including the figures and the claims.
[0094] While the invention has been illustrated and described in detail in the drawings and foregoing description, such
illustration and description are to be considered illustrative or exemplary and not restrictive. It will be understood that
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changes and modifications may be made by those of ordinary skill within the scope of the following claims. In particular,
the present invention covers further embodiments with any combination of features from different embodiments described
above and below.
[0095] Furthermore, in the claims the word "comprising" does not exclude other elements or steps, and the indefinite
article "a" or "an" does not exclude a plurality. A single unit may fulfil the functions of several features recited in the
claims. The terms "essentially", "about", "approximately" and the like in connection with an attribute or a value particularly
also define exactly the attribute or exactly the value, respectively. Any reference signs in the claims should not be
construed as limiting the scope.

Claims

1. A computer-implemented method for controlling welding performed by a welding robot (200), the method comprises
the following:

a) obtaining operating data of the welding robot (200) during welding,
b) obtaining image data of a welded workpiece,
c) processing the image data to determine parameters of the welded workpiece,
d) processing the parameters to determine a quality of the welded workpiece by rating the parameters using a
scoring function, and
e) inputting the result of the scoring function into a machine learning model;
f) applying, using the machine learning model, the result of the scoring function to the obtained operating data
to modify said operating data to improve the welding; and
g) using said modified operating data to control the welding robot (200).

2. Method according to claim 1, wherein the machine learning model is a reinforcement learning, RL, model.

3. Method according to claim 1 or 2, further comprising:
h) after or during g), obtaining new operating data of the welding robot (200) and obtaining new image data of a
welded workpiece and processing the newly obtained operating data and the newly obtained image data according
to c) to h).

4. Method according to any one of the preceding claims, wherein the parameters of the welded workpiece comprise
the type of welding and/or geometric parameters, preferably comprise at least one of width of the weld, penetration
depth of the weld, notches in the weld, pores on the surface and/or in the weld and time consumed for the welding
process.

5. Method according to any one of the preceding claims, wherein the scoring function is a generalised weighted scoring
function, and
wherein the scoring is preferably set in advance.

6. Method according to any one of the preceding claims, wherein the image data and/or the operating data are processed
using filtering and/or pre-processing; and
wherein preferably simulated data generated by a virtual welding process are used to process the image data and/or
operating data.

7. Method according to any one of the preceding claims, wherein the image data is associated with the operating
parameters, preferably before processing the image data.

8. Method according to any one of the preceding claims, wherein the welding is laser welding.

9. Method according to any one of the preceding claims, wherein a type of weld is classified and a quality of the type
of weld is classified subsequently using the parameters of the welded workpiece.

10. Method according to any one of the preceding claims, wherein the data used for the scoring function can be generated
by simulation.

11. System for controlling a welding robot (200), the system comprising:
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a camera unit (101),
an evaluation unit (102),
a machine learning unit (103), and a
control unit (104)
wherein the camera unit (101) is configured to capture image data of a welded workpiece (300),
wherein the evaluation unit (102) is configured to obtain the image data from the camera unit (101) to determine
parameters of the welded workpiece (300) and process the parameters to determine a quality of the welded
workpiece (300) by rating the parameters using a scoring function,
wherein the machine learning unit (103) is configured to obtain operating data of the robot (200), to obtain the
result of the scoring function and apply the result of the scoring function to the operating data to modify the
operating data to improve the welding; and
wherein the control unit (104) is configured to use the modified operating data to control the welding robot (200).

12. System according to claim 11, wherein the machine learning model is a reinforcement learning, RL, model.

13. System according to claim 11 or 12, wherein the evaluation unit (102) is configured to determine the quality of the
welded workpiece (300) dependent on the type of welding and/or geometric parameters, wherein the evaluation
unit (102) is preferably configured to determine the quality of the welded workpiece (300) by at least one of width
of the weld, penetration depth of the weld, existence of notches, existence of pores and time consumed for the
welding process.

14. System according to any one of claims 11 to 13,
wherein the camera unit (101) is configured to capture new image data of the welded workpiece and the machine
learning unit (103) is configured to obtain new operating data of the robot (200) after or during the control unit used
the modified operating data to control the welding robot (200),
wherein the evaluation unit (102) is configured to obtain the new image data from the camera unit (101) to determine
amended parameters of the welded workpiece (300) and process the amended parameters to redetermine the
quality of the welded workpiece (300) by rating the amended parameters using the scoring function,
wherein the machine learning unit (103) is configured to obtain new operating data of the robot (200) and to obtain
the new results of the scoring function after or during the control unit used the modified operating data to control
the welding robot (200), and apply the new result of the scoring function to the operating data to remodify the
operating data to improve the welding; and
wherein the control unit (104) is configured to use the remodified operating data to control the welding robot (200).

15. System according to any one of claims 11 to 14, wherein the scoring function is a generalised weighted scoring
function, and
wherein the scoring function is preferably set in advance.

Amended claims in accordance with Rule 137(2) EPC.

1. A computer-implemented method for controlling welding performed by a welding robot (200), the method comprises
the following:

a) obtaining operating data of the welding robot (200) during welding,
b) obtaining image data of a welded workpiece,
c) processing the image data to determine parameters of the welded workpiece,
d) processing the parameters to determine a quality of the welded workpiece by rating the parameters using a
scoring function,
wherein the scoring function is a generalised weighted scoring function 

wherein S is a result of the scoring function, Si denotes the parameters, ai denotes a respective coefficient for
weighting the parameter, and N denotes the number of parameters, N being an integer, and
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e) inputting the result of the scoring function into a machine learning model;
f) applying, using the machine learning model, the result of the scoring function to the obtained operating data
to modify said operating data to improve the welding; and
g) using said modified operating data to control the welding robot (200).

2. Method according to claim 1, wherein the machine learning model is a reinforcement learning, RL, model.

3. Method according to claim 1 or 2, further comprising:
h) after or during g), obtaining new operating data of the welding robot (200) and obtaining new image data of a
welded workpiece and processing the newly obtained operating data and the newly obtained image data according
to c) to h).

4. Method according to any one of the preceding claims, wherein the parameters of the welded workpiece comprise
the type of welding and/or geometric parameters, preferably comprise at least one of width of the weld, penetration
depth of the weld, notches in the weld, pores on the surface and/or in the weld and time consumed for the welding
process.

5. Method according to any one of the preceding claims, wherein the scoring function is set in advance.

6. Method according to any one of the preceding claims, wherein the image data and/or the operating data are processed
using filtering and/or pre-processing; and
wherein preferably simulated data generated by a virtual welding process are used to process the image data and/or
operating data.

7. Method according to any one of the preceding claims, wherein the image data is associated with the operating data,
preferably before processing the image data.

8. Method according to any one of the preceding claims, wherein the welding is laser welding.

9. Method according to any one of the preceding claims, wherein a type of weld is classified and a quality of the type
of weld is classified subsequently using the parameters of the welded workpiece.

10. Method according to any one of the preceding claims, wherein the data used for the scoring function is generated
by simulation.

11. System for controlling a welding robot (200), the system comprising:

a camera unit (101),
an evaluation unit (102),
a machine learning unit (103), and a
control unit (104)
wherein the camera unit (101) is configured to capture image data of a welded workpiece (300),
wherein the evaluation unit (102) is configured to obtain the image data from the camera unit (101) to determine
parameters of the welded workpiece (300) and process the parameters to determine a quality of the welded
workpiece (300) by rating the parameters using a scoring function,
wherein the scoring function is a generalised weighted scoring function 

wherein S is a result of the scoring function, Si denotes the parameters, ai denotes a respective coefficient
for weighting the parameter, and N denotes the number of parameters, N being an integer,
wherein the machine learning unit (103) is configured to obtain operating data of the robot (200), to obtain
the result of the scoring function and apply the result of the scoring function to the operating data to modify
the operating data to improve the welding; and
wherein the control unit (104) is configured to use the modified operating data to control the welding robot
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(200).

12. System according to claim 11, wherein the machine learning model is a reinforcement learning, RL, model.

13. System according to claim 11 or 12, wherein the evaluation unit (102) is configured to determine the quality of the
welded workpiece (300) dependent on the type of welding and/or geometric parameters, wherein the evaluation
unit (102) is preferably configured to determine the quality of the welded workpiece (300) by at least one of width
of the weld, penetration depth of the weld, existence of notches, existence of pores and time consumed for the
welding process.

14. System according to any one of claims 11 to 13,
wherein the camera unit (101) is configured to capture new image data of the welded workpiece and the machine
learning unit (103) is configured to obtain new operating data of the robot (200) after or during the control unit used
the modified operating data to control the welding robot (200),
wherein the evaluation unit (102) is configured to obtain the new image data from the camera unit (101) to determine
amended parameters of the welded workpiece (300) and process the amended parameters to redetermine the
quality of the welded workpiece (300) by rating the amended parameters using the scoring function,
wherein the machine learning unit (103) is configured to obtain new operating data of the robot (200) and to obtain
the new results of the scoring function after or during the control unit used the modified operating data to control
the welding robot (200), and apply the new result of the scoring function to the operating data to remodify the
operating data to improve the welding; and
wherein the control unit (104) is configured to use the remodified operating data to control the welding robot (200).

15. System according to any one of claims 11 to 14, wherein the scoring function is set in advance.
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