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Abstract: Laser processing techniques such as laser machining, marking, cutting, welding,
polishing and sintering have become important tools in modern manufacturing. A key step in
these processes is to take the intended design and convert it into coordinates or toolpaths that
are useable by the motion control hardware and result in efficient processing with a sufficiently
high quality of finish. Toolpath design can require considerable amounts of skilled manual
labor even when assisted by proprietary software. In addition, blind execution of predetermined
toolpaths is unforgiving, in the sense that there is no compensation for machining errors that may
compromise the quality of the final product. In this work, a novel laser machining approach is
demonstrated, utilizing reinforcement learning (RL) to control and supervise the laser machining
process. This autonomous RL-controlled system can laser machine arbitrary pre-defined patterns
whilst simultaneously detecting and compensating for incorrectly executed actions, in real time.
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1. Introduction

A diverse range of applications exist for laser materials processing [1-7]. In general, laser energy
is directed onto a target material, typically with energy concentration via focusing optics, and
causes a chemical or physical change in that target material [8—10]. The intended effects of
the laser energy are various; for example, in laser machining, the aim may be to remove part
of the target material via ablation [11-13], whilst in laser welding the aim is to connect two
parts by causing a phase change and creating a melt-pool which flows and solidifies to make
the join [14—16]. Many applications of laser processing require positioning of the laser energy
on the target material at a level of precision that cannot be achieved manually, and therefore
computerized control hardware is typically needed [17,18]. Beam positioning can be achieved
in many ways, for example: via motorized stages that move the workpiece [19] or the beam
delivery optics [20]; via galvanometer scanning mirrors that steer the laser beam (typically
used in conjunction with an f-theta lens) [21]; via spatial light modulation, e.g., with a digital
micromirror device (DMD) [22]. In practice, a solution may involve all three of these strategies
in combination [23].

Regardless of the physics of the light-matter interaction involved and the specifics of the laser
beam control hardware, a common challenge in laser processing is the selection (via an algorithm)
of an appropriate set of laser positioning coordinates, or a trajectory that should be followed,
to achieve the intended result for the application. Perhaps the simplest conventional example
of such an algorithm is a raster scan in which the intended laser machining pattern is digitized
into a binary image, with a pre-defined relationship between the pixel size and the physical
scale of laser markings on the workpiece. The laser beam is scanned across each row of pixels
one-by-one with the laser turning on and off in accordance with the binary value of the pixel.
Examples of the raster scan method for laser machining target patterns are illustrated in Fig. 1(a))
and b). The target shape (the yellow shaded region, which can be parametrically defined, as in a
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vector image format) is digitized into pixels, as indicated by the grid; with the pixel outline colors
indicating the laser action (gray for off and black for on). Note that, in both Fig. 1(a)) and b) the
physical extent of laser machining for each pulse (which can be inferred from the green curve
that shows the final machining outline) is larger than the pixel size chosen when the target shape
was digitized. In fact, in Fig. 1(a)), the pixel width is set equal to V2 times the radius of the laser
pulse markings (this is the condition which, for a circular beam, ensures complete machining
of each pixel with the minimum overlap into neighboring pixels). In Fig. 1(b)) the target shape
is digitized with a smaller pixel size (equal to the radius of laser machining); this causes more
overlap between neighboring laser machining pulses (potentially machining more deeply) but
does allow the perimeter of the target shape to be defined with greater precision. This simple but
straightforward control method has been widely adopted in the field of laser processing [24—26].
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Fig. 1. a) Illustration of the raster scan approach for laser machining of a randomly generated
target pattern. 19 incident pulses successfully machine 82.04% of the target pattern, but
inadvertently machine 2.16% of the target pattern area from the surrounding material. In
a) the target pattern is digitized (as indicated by the grid) with pixels that are V2 times
larger than the radius of laser pulse markings. The grid color indicates pixels that should
be machined (black) and those that should not (gray). In b) the target pattern is digitized
with pixels that are equal in width to the laser machining radius. In this case 33 laser pulses
successfully machine 89.32% of the target pattern, and inadvertently machine 1.51% of the
target pattern area from the surrounding material. c) Using the RL approach presented in
this paper on the same target pattern, 30 pulses successfully machine 97.21% the target
area, with 5.51% of the area of the target pattern being inadvertently machined from the
surrounding material.

Reinforcement learning (RL) has gained popularity in recent years, as it provides a unique
capability for observing and responding to systems of great complexity. In photonics, previous
studies have utilized RL for a wide range of applications, such as coherent beam combining [27],
laser alignment [28] and optical tweezers control [29]. Similarly, laser materials processing
control systems, actuated by RL, have been devised for laser welding [30]. In Ref. [30],
dimension reduction is performed based on camera observations of the laser welding process via
an auto-encoder, and a deep neural network is employed to predict state transitions on highly
abstract representations of those camera observations, enabling a RL program to learn laser power
control from real-world laser welding data. This proposed controlling paradigm is very similar to
the model-based RL algorithm WorldModel [31]. In Ref. [32], a similar RL paradigm to [30] is
adopted for controlling laser power in laser welding. This work is particularly interesting because
multiple sensors (i.e., photodiodes working at different wavelengths and an acoustics sensor) are
employed concurrently as sources of information for the RL program to learn from.

In this current work, we report a novel approach that uses RL for automatic toolpath design
and allows real-time feedback via a camera image of the workpiece. The RL agent is trained
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in a virtual environment that approximates the real-world laser machining experiment, thus
minimizing reliance on real-world data collection. We then demonstrate that, once trained, the
RL agent can be applied in the physical environment and that real-world camera observations of
the workpiece can be processed to achieve the same visual appearance as the virtual environment
(making them intelligible to the RL agent). Whilst Fig. 1(a)) and b) illustrated the raster scan
method, Fig. 1(c)) shows the toolpath generated by the RL approach for the same target pattern.
The RL approach efficiently fills the interior of the target pattern with relatively few laser pulses
and more closely follows the exterior contour of the target pattern. The performance of the
RL method is further explored in the results section where we benchmark the RL approach by
comparing it with a state-of-the-art conventional optimization algorithm. In section 3.4, we
demonstrate that the RL approach is not only capable of designing toolpaths for pre-defined
target patterns, but can also monitor the machining process and update its toolpath design in real
time to correct machining errors (for example, those caused by unexpected stage vibrations which
we simulate by deliberately mis-positioning selected laser pulses).

2. Method

2.1. Experimental apparatus and details

Laser machining experiments were carried out using a Light Conversion Pharos-SP-1mJ laser
system, producing 190 fs pulses with a center wavelength of 1025 nm and pulse energy of up to
1 mJ. For all experiments, the target material was a 1 mm thick fused silica microscope slide
that was machined using a fluence of ~4.6 J/cm?. The laser beam was focused onto the target
material (workpiece) using a Nikon 20x microscope objective with an N.A. of 0.4. As shown
schematically in Fig. 2(a)), the laser beam was reflected from a beam splitter, which allowed
simultaneous imaging of the target material using a CMOS camera (Thorlabs DCC1645C). The
workpiece was mounted on an XYZ motorized translation stage, with the Z axis determining
the laser focus, (the Z position was manually adjusted and set constant for these experiments).
Machining of the workpiece was conducted one laser pulse at a time, with each individual pulse
producing a visible modification to an approximately circular region of the workpiece with a
diameter of ~18 um.

RL laser machining experiments follow a sequence of events (presented in Fig. 2(a)) that
are repeated until the RL agent detects an exit condition (such as when a threshold percentage
of the target pattern has been correctly machined or when the maximum allowed number of
pulses has been reached). The sequence is as follows: The motorized XY stages are moved to
the imaging position, and a camera observation of the workpiece is made (this is the “before”
observation). The RL agent is then shown the target pattern and decides the XY coordinates
at which the next laser machining pulse should be applied. This action is executed by moving
the XY stages to the selected position and triggering a single laser pulse. The XY stages then
return to the imaging position and make the “after” camera observation. Image processing
techniques, namely image subtraction, image denoising and applying a Hough transform, are
applied to the “before” and “after” camera images to identify regions of the workpiece that have
been machined. This information is then used to update the target image (removing parts that
have been correctly machined). During training, the virtual environment also calculates a reward
signal that is returned to the RL agent. The sequence continues, with the “after” observation
for pulse N becoming the “before” observation for pulse N+1. This loop is halted when the RL
agent determines that the fidelity of the laser-machined workpiece (with reference to the target
pattern) cannot be further improved by applying additional laser pulses.

An artificial example of the input to the RL is shown in Fig. 2(b)). The target pattern was
initially a circle but has been updated following each laser pulse in a sequence that marks a
diagonal line across the circle. Note that there are just two allowed values for pixels in the target
image; these denote the region that is still to be machined (the “remaining target” in black), and
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Fig. 2. a) Schematic of the experiment setup, where a laser pulse is incident at the center
of a workpiece. The target pattern here is a five-pointed star. b) An artificial example of
an input to the RL agent, where the target pattern is a circle that has already been partially
machined by a diagonal line of laser pulses. ¢) A visual representation of the laser machining
trajectory that has occurred for the target pattern shown in b). In c), the initial target pattern
is shaded in yellow, the centers of pulses are marked with red dots and a color-coded line
links the dots to show the order of machining (the trajectory). A green curve is also included
which shows the simulated extent of laser machining.
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the region that should not be machined, or has already been machined (the “background” in gray).
Whilst Fig. 2(b)) represents the state of a laser machining experiment at one instant in time,
Fig. 2(c)) includes additional information and represents the laser machining trajectory for the
whole experiment (in a visualization style intended for humans). This visualization style is used
in figures throughout this manuscript. The yellow shaded region shows the initial target pattern
(a circle in this case), red dots mark the coordinates where laser pulses have been applied that
are joined by a color-coded line that indicates the order of laser machining and a green contour
shows the final extent of laser machining.

Comparing Fig. 2(b)) and Fig. 2(c)), it is evident that during the course of laser machining,
pixels in the diagonal line of the target image shown in Fig. 2(b)) have been reassigned from
their initial status as “remaining target” to “background” status. Correctly identifying areas
of the workpiece that have already been laser-machined (to update the target image) is one of
the most crucial parts of the experiment. The image processing procedure for identifying a
laser-machined region is as follows: 1) Image subtraction of the microscope camera observations
of the workpiece before and after the laser pulse is used to find parts of the image that have
changed. 2) Image denoising. 3) The Hough transform is used to identify the coordinates and size
of circular laser-machined features. These image manipulation methods are all of common use,
are available on many platforms and are not compute-intensive; for a low-end desktop configured
with a 4th generation Intel i5 CPU, it takes approximately 0.15 seconds to process per image,
without any code optimization. By repeating this image processing procedure for each laser
pulse, the relative positions of all laser-machined features on the workpiece can be known. From
this process, pixel values in the target pattern can be updated based on the actual laser-machined
features on the workpiece (rather than on the coordinates specified by the RL agent). This means
that, in the event of laser pulse inadvertently deviating from its expected position (perhaps due to
stage vibrations), the RL agent has the chance to adjust its toolpath design, in real time, in order
to compensate for this error.

2.2. Proximal Policy Optimization (PPO)

RL algorithms are currently an active topic of research, with rapid development in the performance
level they can achieve on standardized test environments [33], the efficiency with which they
can be trained, and the scope of applications to which they can be applied [34]. In this work
we do not attempt to develop new RL algorithms; rather, we aim to implement a near state-
of-the-art algorithm to the task of path planning, in the specific use-case of laser machining.
Although seemingly the specific implementation of an RL algorithm should have little impact
on its performance, in actuality, nuances in implementation of the same RL pseudocode can
result in significant variations in their respective performance [35]. Therefore, in the spirit of
reproducibility and accessibility, we based our work on an open-source platform Stable Baselines
[36]. At the beginning of this work, we took the decision that it was desirable for the RL
algorithm to control the laser machining operation though continuously variable actions (rather
than discrete values). This type of problem (“continuous control”) is typically more difficult
for an RL algorithm to learn; however, it was decided that this offered the potential for more
precise control, for example, if the challenge was later extended to include parameters such as
laser power. Of the RL algorithms included in Stable Baselines, the following are currently
suggested as being suitable for continuous control problems: A2C [37], DDPG [38], GAIL [39],
PPO [40], SAC [41], TD3 [42], TRPO [43]. The OpenAl Gym CarRacing-v0 environment
presents a continuous control task that is to be learned from image type observations, we consider
this to be comparable in complexity to our laser machining task. The current leaderboard
(https://github.com/openai/gym/wiki/Leaderboard, as of 6th April 2022) for high scores achieved
on this environment contains several algorithms based on Proximal Policy Optimization (PPO),
including the current highest score [44]. For this reason, here we chose to adopt the PPO
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algorithm which, in its base form, optimizes a Gaussian distributed policy (see supplementary
Table S1 for hyperparameters). Additionally, self-imitation learning [45,46] is incorporated into
this implementation of the PPO algorithm to improve exploration (see supplementary Table S2 for
hyperparameters). In order to minimize the necessity to fine-tune hyperparameters, we followed
the common practice of normalizing the action space (i.e., the upper and lower bounds for actions
were always between -1 and 1) and enabled reward and input normalization (i.e., rewards and
inputs were normalized by their running mean and standard deviation respectively). This allowed
us to adopt hyperparameter values that had previously been determined to be near optimal for
similarly normalized environments from RL-Baselines-Zoo library [47]. It should therefore
be noted that the RL results here represent a feasibility demonstration for the application of
laser machining, rather than a fully optimized solution, and that further small improvements in
performance could be expected if full parameter optimization was undertaken.

2.3. Training in the virtual environment

A virtual training environment (commonly known as a “gym”) is used in this work, which
allows the RL agent to learn a strategy of selecting XY positions without having to acquire
actual experience in the physical experiment. This “gym” approach has recently become popular
because: 1) It is sometimes prohibitively expensive (computationally or/and financially) to
utilize real-world data for training. 2) Explorative actions of a freshly initiated RL agent can be
dangerous to execute on experimental apparatus. We developed a virtual environment (based on
the OpenAl Gym framework [48]) which approximates the experimental setup, and we refer to
this as “the virtual environment” in the remainder of this work.

The virtual environment gives the RL agent the opportunity to practice toolpath generation
rapidly and repeatedly for chosen or automatically created target patterns. The virtual environment
operates in a similar manner to the experimental apparatus, with the RL agent working through
a cycle of repeating events, namely, observing a virtual workpiece, selecting an XY position
based on the observation of the virtual workpiece, moving a virtual stage to the selected XY
position and applying a virtual laser pulse. The differences between the virtual and the physical
environment are that 1) image processing is not needed since inputs to the RL agent can be
simulated directly, and 2) a figure of merit (commonly referred to as the “reward”) is granted
to the RL agent following the completion of each cycle. This reward is a numerical value that
increases in proportion to the area of the “remaining target” region that was correctly laser
machined in the current cycle and decreases for any pixels that were incorrectly machined from
the “background” region. This scheme of reward-granting incentivizes the RL agent to machine
the “remaining target” region rather than the “background” region, and hence helps the RL agent
to develop a strategy of selecting appropriate XY positions from the “remaining target” region of
a given target pattern.

2.4. Covariance Matrix Adaptation Evolution Strategy (CMA-ES)

Throughout this work, to benchmark the capability of our RL agent, we compare its performance
to the well-studied Covariance Matrix Adaptation Evolution Strategy (CMA-ES) algorithm
[49,50]. Unlike the RL agent, which selects XY positions one-by-one from observations of the
workpiece and adjusts its strategy for selecting XY positions based on the received reward; the
CMA-ES iteratively searches for an entire set of XY positions that maximize received reward
for the given target shape (without any subsequent reference to the workpiece). Whilst the two
approaches differ in terms of their mechanics for toolpath generation, the sets of XY positions
that they find are comparable, and hence the relative performance of the RL approach, can be
quantitatively evaluated.

It must be clearly stated that we expect the CMA-ES algorithm to find a coordinate set that
is very close to, if not actually, the optimal solution for any given target shape. It is therefore
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likely impossible for the RL agent to exceed the performance achieved by CMA-ES, in fact,
we fully anticipate that the RL agent will fall short of this benchmark. Many of the arbitrarily
generated target shapes, used during training and testing, contain features that are smaller than
the focused laser spot, and are therefore impossible to machine without also removing some of
the surrounding material. This makes it very difficult to calculate analytically the theoretical
maximum reward achievable for a given target shape; the CMA-ES results therefore offer a
convenient means to estimate the likely upper bound of performance. Even with slightly lower
absolute performance, the RL approach offers two key advantages that could make it more
practical than CMA-ES for laser machining toolpath generation namely; 1) Once trained, an RL
agent can potentially generate coordinate sets for any arbitrary target shape quickly and with very
low computational requirements (CMA-ES must perform lengthy optimization calculations each
time it encounters a new target pattern); 2) The implementation of the RL agent (one laser pulse
at a time) and its capability to make observations of the workpiece during machining give the RL
approach the potential to react to and therefore correct machining errors in real time during the
machining process.

3. Results and discussion
3.1. Static target pattern

Our goal in this work is to produce a generalized RL agent capable of selecting XY machining
positions that maximize reward for any given target pattern. However, in this first section we
tackle a simpler problem and demonstrate that our RL agent is able to learn such a strategy, via a
large number of interactions with a virtual environment, where the initial target shape is kept
constant.

Figure 3(a)) presents, for a virtual environment where the initial target shape is always the
same five-pointed star, the moving-average of reward per training episode as training progresses
(referred to as a “training curve”). Initially rewards increase quite rapidly, indicating that
the RL agent is learning and improving its strategy. Eventually however the rewards plateau,
indicating that the best performance has been achieved (given the RL agent’s current internal
hyperparameters, such as discount factor). From this figure, it can be observed that the training
curve is not very smooth and has low reward outliers occurring during training. This is a strong
indication that fine-tuning of the hyperparameters could yield improvements in learning and
perhaps in eventual RL agent performance. However, due to our limited computational resources,
and our aim for proof-of-principle rather than a fully optimized solution, further hyperparameter
tuning was not performed in this work. As expected, the moving-average reward for the RL
agent stabilizes at a value that is slightly lower than the optimal value achieved by CMA-ES.
A likely reason for this shortfall is that the PPO algorithm optimizes a Gaussian distributed
policy, which introduces a degree of random variation into the XY positions that it selects
during training. Trajectories from the CMA-ES and PPO RL methods (from the end of the
training period) are compared in Fig. 3(b)) left and right, respectively (see Table 1 row (a) for a
quantitative comparison). The fact that the RL agent is able to design a toolpath that achieves
comparable machining performance, and with fewer laser pulses than the CMA-ES method
clearly demonstrates that, at least for the fixed star-shaped target pattern, the PPO algorithm was
able to learn the laser machining task in our virtual environment.

We subsequently applied our RL agent to the physical environment in which the RL agent
controls both the XY translation stages and the laser, the result of which is presented in Fig. 3(c)).
In this laser machining experiment, a total number of 41 laser pulses were applied to the physical
workpiece. It is observable that subtle differences exist in the laser pulse positions selected by
the RL agent in the simulation (Fig. 3(b)) right) and the physical experiment (Fig. 3(c))), with
an additional laser pulse also being applied in the physical experiment. The origins of these
slight differences are twofold: 1) Image processing errors can arise from varying illumination
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Fig. 3. a) Training curve; moving average of the reward that the RL agent obtained per
training episode versus total training steps. A total number of ~1.6 X 100 episodes (i.e.,
full machining experiments) were conducted during this training, which was composed of
~36.0% 10° training steps (i.e., laser pulses). The target pattern is a five-pointed star and
machining performance is shown at three stages of training in the insets. b) Trajectories
selected by the CMA-ES (left) and by the RL agent (right). c¢) The microscope image
(experiment result) showing real-world laser machining controlled by the RL agent (left) and
a visualization of the RL selected experimental trajectory (right).

Table 1. Comparison of CMA-ES and RL performance

Experimental target pattern type Machining statistics RL CMA-ES
Target machined % 96.85 97.55
a) Static target pattern (section 3.1, Off-target machined % 1.72 1.93
simulation results for both RL and
CMA-ES) Number of pulses used 40 45
Total reward 0.462 0.465

b) Static target patterns rotated to Average target machined % 97.01+0.54 97.44+0.39

arbitrary angles (section 3.2, simulation | Average off-target machined % | 3.60 + 0.80 1.92+0.22

results for both RL and CMA-ES) Average total reward 0.442+0.005 0.452+0.002
¢) Randomly generated target pattern 1 Target machined % 9247 97.36
(section 3.3, experimental result for RL | Off-target machined % 3.32 1.17

and simulation result for CMA-ES) Number of pulses used 33 3

d) Randomly generated target pattern 2 Target machined % 93.05 98.19
(section 3.3, experimental result for RL Off-target machined % 3.24 0.77

and simulation result for CMA-ES)

Number of pulses used 39 45
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conditions and/or visual changes in the vicinity of the laser machining (e.g., pressure shock
waves caused by the laser pulses can blow dust and small fragments off the workpiece — resulting
in visual changes that are not centered at the laser machining position). 2) Backlash, drift, or
vibrations of the XY translation stages. Despite errors arising from these software and hardware
limitations, the RL agent, with the help of its workpiece observations, was able to compensate
and successfully machine the target pattern. This self-correction ability is investigated further in
section 3.4.

3.2. Static target pattern rotated at a random angle

In this section, we increase the difficulty of the task presented to the RL agent by attempting
toolpath generation for a static target pattern that can be rotated to any angle. For this experiment,
the RL agent is trained in a virtual environment where the initial target pattern is again the
five-pointed star (as used in section 3.1), but can be rotated about its image center by a random
angle, i.e., the rotation angle is a floating-point number drawn from a uniform distribution
between 0 and 360 degrees at the start of each training episode.

The training curve of the RL agent is shown in Fig. 4(a)), note that the horizontal scale is
very much larger than that used in Fig. 3(a)). After training, the performance of the RL agent is
assessed with target patterns at each integer angle (i.e., 360 samples in total); a degree-by-degree
comparison between the RL agent and the CMA-ES method is presented in Fig. 4(b)).

From the data presented in Fig. 4(b)), a quantitative comparison between the RL and the
CMA-ES results is presented in Table 1 row (b). The RL agent demonstrates target machining
performance that is very close to the CMA-ES determined optimal value (within 3% in terms
of reward and within 0.5% in terms of target machining percentage), but with slightly higher
(although <1.9 times more) inadvertent machining of the surrounding material.

The average rewards reported here (even for the CMA-ES method) are lower than the rewards
reported for a static target pattern in the previous section (i.e., Fig. 3(b))). This is a direct
consequence of rotating the star-shaped target pattern which, at some angles, causes the tips of
some arms of the star to move outside of the observable workpiece area. This reduces the total
area of some target patterns and hence also reduces the maximum obtainable reward.

3.3. Randomly generated arbitrary target patterns

In this section, we further demonstrate that the RL agent is applicable to randomly generated,
arbitrary, target patterns. Here, the RL agent is trained in a virtual environment where a random
shape generator offers a near-infinite number of possible target patterns. Target patterns are
defined within a 100 x 100 pixel image array that represents the virtual workpiece. Seven pixels
are selected at random (i.e., seven pairs of XY coordinates are drawn from a uniform distribution
of integers between 1 and 100), these points are then connected using a parametric curve (Bézier).
In Fig. 5, nine examples of target patterns are presented, with the randomly selected points (curve
nodes) highlighted in green. For seven points randomly selected on a 100 x 100 virtual workpiece,
the total number of combinations C}! can be calculated using C} = n! /k!(n — k)! giving C;OOOO ~
1.98 x 10**. However, it is possible for certain combinations of randomly selected points to
generate the same target pattern once digitized into the image array. In addition, target patterns
with small area tend to have thin features that are impossible to machine given the laser spot size;
consequently, target patterns with small areas are automatically discarded. The total number of
distinct target patterns that can be generated by the random shape generator was therefore also
estimated using a Monte Carlo method and was found to be approximately 0.55 times C}%.
The importance of this very large number of possible target shapes is that it ensures that target
shapes used during testing of the RL agent’s performance have a vanishingly small likelihood of
having been encountered during training.
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Fig. 4. a) Moving-average reward obtained by the RL agent per episode during training,
versus total training steps. In this training, a total number of ~4.1 x 10° episodes (i.e., full
machining experiments) were conducted, which was composed of ~150.0 X 100 training
steps (i.e., laser pulses). The target pattern here is again the five-pointed star but it can
occur rotated by any angle in the range 0 - 360 degrees. b) A degree-by-degree comparison
showing the percentage of the target patterns successfully machined, and the percentage of
inadvertent machining from the surrounding materials. Values are shown for both the RL
agent (solid red and dashed blue lines), and the CMA-ES method (solid and dashed green
lines).

Figure 6(a)) shows the training curve for the RL agent. The variance of the moving-average
reward is much higher than it was in Fig. 4(a)). This is primarily because, here, the shape and
area of the target pattern vary considerably between episodes, causing large variations in the
maximum obtainable reward (for comparison, the 5th and 95th percentiles of the maximum
obtainable reward are shown by the green and red dashed lines respectively). Additionally, the
occurrence in the random shape generator, of narrow features that cannot be correctly machined
(as noted in Fig. 5) further contributes to the observed variance. Theoretically, the CMA-ES
could be employed here to search for optimal solutions for each of the target patterns generated
during training, to permit the same quantitative evaluation of RL performance versus CMA-ES
performance as was presented in the previous sections (the upper bound estimates shown by
the horizontal lines in Fig. 3(a)) and Fig. 4(a)) required only 1 and 360 CMA-ES optimizations
respectively). However, given that CMA-ES optimization for a single target pattern takes
approximately 15 minutes to compute in a high-end desktop configured with a 9th generation
Intel i9 processor, it would take approximately 290 years to do this for all 1 x 107 target patterns
generated during training. We therefore estimate the upper bound of reward for Fig. 6(a)) in
a different way, namely by calculating the average of the total reward available (based on the
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Fig. 5. a) to i) Example target patterns generated by the random shape generator. The areas
from a) to i) respectively are 3078, 3375, 3759, 3800, 4370, 4520, 5419, 5743 and 6208
pixels. The 7 green markers on each target pattern are randomly selected anchor points
which are connected via a parametric curve to form a closed shape. The red circles displayed
on each sub-figure demonstrate the approximate size of a laser pulse trace. Evidently some
features of the randomly generated shapes are too small to be correctly laser machined, most
noticeably the lower part of a).

target pattern area). Note that this results in a higher upper bound than the CMA-ES based
estimates shown in Fig. 3(a)) and Fig. 4(a)), as it does not take into account negative rewards that
would be accrued due to unavoidable machining of background pixels in the vicinity of small
features (which are considerably more likely to occur in the random target shape environment
than in the fixed or rotating star environments). It is therefore understandable that the RL agent’s
moving-average performance shown in Fig. 6(a)) falls slightly further below the dashed line that
indicates the upper bound estimate (based on target area and available reward). Nevertheless, the
shape of the training curve demonstrates that the RL agent has successfully learnt to carry out
this more complex, arbitrary target pattern, laser machining task.

Analysis of the RL agent performance is presented in Fig. 6(b)) in the form of a box-and-
whisker diagram. After training, 140,000 random target patterns and associated laser machining
trajectories were generated. This data was separated into 7 categories (by pixel area, as stated in
the horizontal axis labels of Fig. 6(b))), each of which contains 20,000 target patterns and their
machining trajectories. When sorted by size in this way, and by plotting the percentage machined
rather than the reward (which depends upon target pattern area) much of the variability that could
be observed in Fig. 6(a) is removed, and it is evident that the RL agent successfully machines
>90% of the target pattern in almost all cases. Figure 6(b)) shows that the average percentage
of the target that is successfully machined increases with the area of the target pattern, and the
amount of inadvertent machining outside of the target decreases with the area of the target pattern.
In addition, the distribution of the percentages for both successful and inadvertent machining
become more symmetric as the area of a target pattern grows. It is evident that performance of the
RL agent increases with the area of the target pattern; this is because for larger target patterns the
RL agent has a lower probability of encountering narrow features that are impossible to machine



Research Article Vol. 30, No. 12/6 Jun 2022/ Optics Express 20974 |

Optics EXPRESS N

0.6 4 a)
E
z
2
5]
)
™
o
=
o 0.2 === Moving average reward
E == == Mean of maximum reward
Eo 5th percentile of maximum reward
0.0 95th percentile of maximum reward
1 1 1 I 1
0 50 100 150 200 250 300
Total steps (106)
100 D - - — — — — 30
g F B B B B 8B = g
< e T i 1 <
|2 T T T T T
£ 904 + - 20 3
E Median §
E - —— Mean b
on H &n
£ 80 A H - - 10 2
e L oL
Qo 1 1 —_
5 BH = ‘ = T - 5
1 oy
= : | . == e
h L L L L L ~ 1o
70 1 1 1 1 1 1 1

03550040 0045500500055 006000100

Size of area (pixels)

300

Fig. 6. a) Moving-average reward obtained by the RL agent per episode during training
versus total training steps. A total number of ~10.0 x 106 episodes (i.e., full machining
experiments) were conducted in this training, which was composed of ~300.0 x 10° training
steps (i.e., laser pulses). The target patterns here were produced by the random shape
generator during the training. b) Performance assessment of the RL agent in the form of a
box-and-whisker diagram, where data are categorized by area of the target pattern. It reports
the average percentage of the target pattern successfully machined (upper), and the average
percentage of the target pattern area inadvertently machined from the surrounding material
(lower).

correctly (also, the reward associated with any narrow features is a smaller proportion of the total
available reward). Equivalently, the laser spot is proportionally smaller relative to larger target
patterns and is therefore able to machine the shape more precisely. For target patterns with small
area, the dimensions of its features are often smaller than the diameter of the laser-machined trace
(~18 pum), machining such features would result in an insignificant amount of positive reward,
sometimes even a negative reward, and therefore the RL agent is incentivized not to select XY
positions in these regions.

Figure 7 shows the results of real-world experiments where the RL agent controls both the
translation stages and the laser, in order to machine randomly generated target patterns. As
previously stated, the number of possible distinct target patterns is enormous, and each distinct
target pattern has an equal chance of being selected during training. It is therefore extremely
unlikely that the exact target patterns used in these experiments were seen by the RL agent during
training. It is even more unlikely that these target patterns could occur with sufficient frequency
during training that the RL agent would be able to learn dedicated strategies of XY positions
for these target patterns (which may have been possible for the static target pattern presented in
section 3.1). These results therefore demonstrate that the RL agent has learned a generalized
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policy that allows it to generate toolpaths for arbitrary target patterns. A quantitative comparison
between the RL agent and CMA-ES performance is presented on the right of Fig. 7 and in Table |

row (c) and (d).
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Fig. 7. a) and e) Camera images recorded at the end of the laser machining experiment
for target patterns 1 and 2 respectively. b) and f) A visualization showing the outline of
individual laser pulse markings (black dashed circles) and their centers (white dots) as
was determined via the image processing method. c¢) and g) Visualizations of the initial
target shape (yellow) and the laser machining trajectory chosen by the RL agent. d) and h)
trajectories selected by the CMA-ES given the same generated target patterns.

The RL agent’s performance values listed in Table 1 row (c) and d) are lower than those shown
in the previous sections (i.e., for Fig. 3(b)) and Fig. 4(b))). This is expected because the task
(machining of arbitrary target patterns) is more complex and requires the RL agent to learn a
more general policy. During training in the arbitrary shape virtual environment, the RL agent
only encounters a small fraction of all possible target patterns ~107/10%*, and yet, must discover a
policy that functions for any of the remaining, unseen, target patterns. In contrast, in sections 3.1
and 3.2, the RL agent may repeatedly encounter the same target pattern, giving it the opportunity
to further optimize its policy.

It is obvious from Table 1 row (c) and (d) and Fig. 7(d)) and h) that the RL results are slightly
less good to the CMA-ES ones, however, as explained previously the CMA-ES results represent
the theoretically optimal solution (or very close to it). Additionally, the results for the RL agent
were obtained in the real-world experiment and are therefore subject to experimental errors (e.g.,
backlash) which are not present for the CMA-ES results obtained in the virtual environment. The
CMA-ES results therefore define the upper limit of possible performance for the RL agent, and
hence, the comparable level of performance currently reached by the RL agent may be more
than sufficient for many laser machining operations. Critically, whilst the CMA-ES optimization
takes 15 minutes for each new arbitrary target pattern, the computation time for the trained RL
agent is significantly less than 1 second (hence a three orders of magnitude speed increase). This
means that the RL approach could be applicable in high-speed processing where the CMA-ES
method would be infeasible. Furthermore, additional gains in performance may be possible for
the RL agent via network and hyperparameter optimization which was not undertaken for this
proof-of-principle experiment.
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3.4. Positional randomness and self-correction

In section 3.1, we briefly mentioned the self-correction ability of the RL agent which compensates
for inadvertent errors in laser pulse positioning; in this section, we further elaborate on this ability.
Fundamentally, this self-correction ability stems from the stochastic nature of the adopted RL
algorithm, PPO, i.e., the policy for selecting XY positions in PPO is mathematically a conditional
joint probability distribution (i.e., a 2D Gaussian). That is, the PPO algorithm optimizes a joint
probability distribution towards receiving higher total reward based upon observations of the
workpiece. For a given observation, the most probable XY position for the RL agent to select
is the mean of the (Gaussian) distribution, however, since the distribution extends to +oo it is
possible for all other XY positions to be selected during training. Therefore, in order for the RL
agent to maximize its total reward, the strategy that it learns must be able to tolerate selection
of non-preferred XY positions. In other words, due to the randomness embedded in the RL
agent, it explores a large number of sub-optimal trajectories where the XY positions diverge
from the optimal trajectory (i.e., the mean of the Gaussian distribution). Consequently, when
employed in the physical experiment (where XY positions are always selected from the peak of
the probability distribution) the RL agent is able to tolerate errors in XY pulse positioning (arising,
for example, from stage vibrations) and by following a sub-optimal trajectory, is nevertheless
able to successfully complete the laser machining task.

Figure 8 demonstrates the self-correction ability of the RL agent that was presented in section
3.3 for an elliptical target pattern and a “thumbs-up” target pattern. In these demonstrations, the
5Sth laser pulses (highlighted in red) were deliberately displaced (from their undisturbed locations
in Fig. 8(a)) and (d)) to all possible positions on their respective virtual workpieces. In almost all
cases the RL agent was able to successfully complete machining of the target pattern regardless
of this disturbance (see supplementary Visualization 1 and Visualization 2 for the elliptical
target pattern and “thumbs-up” target pattern respectively). Figure 8(b)), c), e) and f) show
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Fig. 8. a) and d) Simulations showing the RL agent’s preferred trajectories for an ellipse
shaped target pattern and a “thumbs-up” target pattern respectively, where the 5th laser pulse
positions are highlighted with a red circle. b), ¢), e) and f) Simulations of the RL agent’s
trajectory when the 5th laser pulse is deliberately displaced.
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example trajectories where the 5th laser pulse has been deliberately displaced. In addition, the
self-correction ability can be observed in other target patterns shown in this work. Specifically,
the self-correction ability for the target patterns presented in Fig. 1, Fig. 7(a)) and e) are shown in
supplementary Visualization 3, Visualization 4, and Visualization 5, respectively.

The RL agent makes observations of the workpiece at each step and therefore has the opportunity
to correct for any incorrectly positioned pulses. In contrast, the CMA-ES algorithm calculates
the complete machining trajectory based only on the initial target pattern and without making
any subsequent observation of the workpiece. In this implementation, it is therefore impossible
for the CMA-ES algorithm to offer the capability for automatic error correction that is inherent
within the RL PPO method.

4. Conclusions

In this work, a novel method for laser machining has been demonstrated; facilitated by
reinforcement-learning-control of a laser and translation stages. RL agents were assigned
with performing autonomous toolpath generation tasks of increasing complexity from static
target patterns, static target patterns rotated to arbitrary angles and randomly generated arbitrary
target patterns. The RL agents were able to learn each of these tasks and achieved comparable
performance to the theoretically optimal solution (which was estimated using the CMA-ES
optimization algorithm).

Unlike search-based methods, such as CMA-ES, where the entire toolpath is determined prior
to machining, the proposed RL approach deduces only the position at which the next laser pulse
should be applied (with reference to observations of a workpiece made in real time). Feedback
via these workpiece observations, and the PPO algorithm’s inherent tolerance to variance in the
executed action, bestow the RL agent with the ability to automatically correct for machining
errors (for example those arising from stage vibrations). This capability was demonstrated in
the virtual environment by deliberately displacing selected laser pulses relative to their intended
locations and the RL agent proved to be robust against this form of interference. Further evidence
of this self-correction capability is provided by small differences between trajectories, for the
same target shape, that were observed in virtual and real-world experiments (such corrections
only being necessary and present in the real-world case).

The most important result here is that it was possible for the RL agent to learn a policy,
within the virtual environment, that allows it to laser machine arbitrary target shapes in the
real-world experiment. Once trained in this manner, the RL agent can design a toolpath for a
target shape extremely quickly and with only minimal computational requirements. The RL
approach therefore offers potential benefits in high-speed laser machining applications (where
traditional iterative optimization methods would be infeasible) and could be particularly suitable
in cases such as automated rapid prototyping, where a large number of different target patterns
could be encountered or when target patterns may not even be known in advance.
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